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Abstract
Terahertz (THz) technology has been generating a lot of interest be-
cause of the potential applications for systems working in this fre-
quency range. However, to fully achieve this potential, effective and
efficient ways of generating controlled signals in the terahertz range
are required. Devices that exhibit negative differential resistance
(NDR) in a region of their current-voltage (I − V ) characteristics
have been used in circuits for the generation of radio frequency sig-
nals. Of all of these NDR devices, resonant tunneling diode (RTD)
oscillators, with their ability to oscillate in the THz range are con-
sidered as one of the most promising solid-state sources for terahertz
signal generation at room temperature. There are however limitations
and challenges with these devices, from inherent low output power
usually in the range of micro-watts (µW) for RTD oscillators when
milli-watts (mW) are desired. At device level, parasitic oscillations
caused by the biasing line inductances when the device is biased in the
NDR region prevent accurate device characterisation, which in turn
prevents device modelling for computer simulations.
This thesis describes work on I − V characterisation of tunnel diode
(TD) and RTD (fabricated by Dr. Jue Wang) devices, and the radio
frequency (RF) characterisation and small signal modelling of RTDs.
The thesis also describes the design and measurement of hybrid TD
oscillators for higher output power and the design and measurement
of a planar Yagi antenna (fabricated by Khalid Alharbi) for THz ap-
plications.
To enable oscillation free current-voltage characterisation of tunnel
diodes, a commonly employed method is the use of a suitable resistor
connected across the device to make the total differential resistance
in the NDR region positive. However, this approach is not without
problems as the value of the resistor has to satisfy certain conditions
or else bias oscillations would still be present in the NDR region of
the measured I−V characteristics. This method is difficult to use for
RTDs which are fabricated on wafer due to the discrepancies in de-
signed and actual resistance values of fabricated resistors using thin
film technology. In this work, using pulsed DC rather than static
DC measurements during device characterisation were shown to give
accurate characteristics in the NDR region without the need for a
stabilisation resistor. This approach allows for direct oscillation free
characterisation for devices. Experimental results show that the I−V
characterisation of tunnel diodes and RTD devices free of bias oscil-
lations in the NDR region can be made.
In this work, a new power-combining topology to address the limi-
tations of low output power of TD and RTD oscillators is presented.
The design employs the use of two oscillators biased separately, but
with the combined output power from both collected at a single load.
Compared to previous approcahes, this method keeps the frequency
of oscillation of the combined oscillators the same as for one of the
oscillators. Experimental results with a hybrid circuit using two tun-
nel diode oscillators compared with a single oscillator design with
similar values shows that the coupled oscillators produce double the
output RF power of the single oscillator. This topology can be scaled
for higher (up to terahertz) frequencies in the future by using RTD
oscillators.
Finally, a broadband Yagi antenna suitable for wireless communica-
tion at terahertz frequencies is presented in this thesis. The return
loss of the antenna showed that the bandwidth is larger than the mea-
sured range (140-220 GHz). A new method was used to characterise
the radiation pattern of the antenna in the E−plane. This was car-
ried out on-wafer and the measured radiation pattern showed good
agreement with the simulated pattern.
In summary, this work makes important contributions to the accurate
characterisation and modelling of TDs and RTDs, circuit-based tech-
niques for power combining of high frequency TD or RTD oscillators,
and to antennas suitable for on chip integration with high frequency
oscillators.
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Introduction
1.1 Introduction
Terahertz Radiation
Electromagnetic waves at frequencies from 300 Gigahertz (GHz) up to 3 Terahertz
(THz), having wavelengths, λ, between 1 mm and 100 µm are usually referred to
as terahertz radiation. This definition places the THz frequency band between
the edge of the millimetre-wave frequency band and the infrared frequency range
which is in the optical domain as seen in the diagram of the electromagnetic
spectrum shown in Figure 1.1 [1].
Terahertz emissions occur in the universe mainly from black body radiations from
anything with temperature greater than 10 Kelvin (K) with wavelengths below 1
mm [1] [2]. Some of the earliest uses of the term terahertz were by spectroscopy
enthusiasts to describe the electromagnetic emissions that were below the fre-
quencies and wavelengths of the far infrared [3] [4]. Until recently, THz radiation
has mainly been used for high-resolution spectroscopy and remote sensing by
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Figure 1.1: Electromagnetic spectrum showing terahertz wavelength and frequency
range between radio frequency range and infrared spectrum.
astronomers and planetary scientists to map thermal emissions in planetary at-
mospheres [1]. The photon energy of THz radiation can be calculated from the
relationship between the energy of the photon and the inverse of its wavelength
using Equation 1.1.
E =
hc
λ
(1.1)
where h is Planks constant, c is the speed of light and λ is the wavelength of the
radiation. For the frequencies range 300 GHz - 3 THz [1][2] having wavelength
range between 1 mm - 100 µm, the corresponding photon energy level is from 1.2
meV - 12.4 meV . This makes THz signals in this range non-ionising as they do
not contain the amount of energy needed to displace an electron from an atom or
molecule. Although the effect of exposure to THz radiation has not been studied,
guidelines to exposure are covered under the IEEE safety standards [4]. The non-
ionizing photon energy levels in the THz range seemingly make it a lot safer than
X-rays and its uses are widely studied in the medical and scientific community
[5][6].
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Terahertz radiation has been observed to be easily absorbed by water[1][3]. The
earth’s atmosphere due to the presence of water vapour absorbs THz radiation.
This makes THz signals unsuitable for long distance transmission. The absorption
rate is seen to peak between 1 THz and 10 THz as can be seen in Figure 1.2 [3].
Figure 1.2: Atmospheric absorption of THz signals [3].
Knowing the absorption rate of THz signals by water coupled with the non-
ionising property of THz radiation and its ability to penetrate through some
materials such as paper, clothing and cardboard makes it of great interest to the
scientific and medical research community [6]. These properties would allow THz
radiation to be used for non-invasive security screening, scientific imaging, quality
control and medical imaging. The THz frequencies are also suitable for high data
rate short distance wireless communication. Since THz radiation cannot pene-
trate water, its use for deep detection inside the human body is limited. Overall,
commercial use of THz technology is growing as it allows for new measurement
systems and broader applications.
Despite the on-going extensive research, the effective generation and detection
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of terahertz signals especially using solid-state electronics is still a significant
challenge. Parts of the THz frequency range used to be referred to as the THz-
Gap because there had been no effective way of generating and detecting the
THz signals [7] [8]. Also, the operating frequencies of semiconductor devices
in the electronics domain (e.g. transistors) and in the photonics domain (e.g.
lasers) do not overlap because in both electronics semiconductor materials and
photonics semiconductor materials, the output power decreases when approaching
the THz range [9]. This is illustrated in the output power versus frequency
graphs of some electronic and photonic semiconductor devices in Figure 1.3 [9].
At the low frequencies of the THz range which is in the electronics domain, the
semiconductor devices are limited by their low unity current gain cut-off frequency
(fT ) = 1/(2piτ) because of the carrier transit time τ , which equals the transistor
gate length divided by the drift velocity and their unity power gain frequency
which is the maximum frequency of oscillation (fmax).
Some of the highest reported fT for high electron mobility transistors (HEMTs)
are 660 GHz and 644 GHz realised using the III-V semiconductor technology
with 20 nm and 30 nm gate lengths respectively [10] [11]. The 30 nm gate InAs
pHEMT transistor had an (fmax) of 681 GHz. For heterojunction bipolar tran-
sistors (HBTs), one of the highest fT reported was for a 130 nm InP double
HBT device at 520 GHz [12] with fmax around 1.1 THz [13] [14]. In designing
with these transistor technologies, there is a frequency limitation as most circuits
realised have to be under one-quarter of the cut-off frequency to achieve reason-
able output power. At the higher frequencies of the optical domain, high output
power is easily achieved using lasers, but size, high power supply requirements,
(cryogenic) cooling and high cost makes them undesirable or unsuitable as solid
state THz sources [15].
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Figure 1.3: Various semiconductor devices showing power output decreasing to-
ward the THz-Gap (adapted from [9]).
1.2 Sources
As mentioned in the preceding section, terahertz signals occur naturally in the
universe emitted as parts of non-ionising black-body radiations greater than 10
Kelvin. This has helped greatly in understanding the universe through radio
astronomy. But as these naturally occurring THz radiations are not controlled,
potential applications outside the field of astronomy are limited. On the other
hand, artificial generation of THz radiations has been difficult.
Most successful ways of generating terahertz signals have been either through
up-conversion from millimetre range frequencies or down-conversion from op-
tical range frequencies [15]. Up-conversion has been implemented in the past
using Schottky diodes, Gunn diodes and Impact Ionization Avalanche Transit-
Time (IMPATT) diodes, with power-combining techniques sometimes employed
to achieve the desired output power levels [16]-[18]. For down-conversion sources,
terahertz vacuum tubes and pumped gas lasers has been used to generate THz
signals [19]-[22].
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1.2.1 Lasers
The most commercially viable technique involves using sources such as lasers
(stimulated emission of electromagnetic radiation), to generate THz radiation
[15]. Since the frequencies of most lasers are at the high end of the THz range,
some down-conversion through optical photo-mixing of two lasers is usually re-
quired to generate continuous wave (CW) THz signal. A simple illustration of
optical photo-mixing to generate is shown in Figure 1.4. Here, two diode lasers
which are slightly detuned in frequency are transmitted together using fibre optic
cables. This is used to illuminate a photo-conductive emitter typically realised
on gallium arsenide (GaAs) material. The photonic absorption and the photo-
generated carrier lifetime results in a beat signal in the terahertz range [23]-[26].
Figure 1.4: Simple optical photomixing setup used to generate continous wave
(CW) THz signal (adapted from [23]).
This method of generating THz signals is mostly used in optical time-domain
spectroscopy illustrated in Figure 1.5 [27]. In this time-domain spectroscopy
system, a diode laser source which produces optical pulses in femtoseconds is
seperated into two optical paths where one path travels through a time delay
stage and hits the THz emitter while the other is delivered directly to the detector
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which measures the amplitude of electromagnetic wave to calculate the change
in waveform due to the sample. Changing the delay time between the two makes
it possible to construct the electric field of the THz pulse in time domain and
the frequency spectrum is then obtained through Fourier transform. Comparing
the waveforms from the delayed pulse and the direct pulse with and without
the sample, it is possible to estimate the complex refractive index of the sample
and from this determine other related parameters [27]. The bulky nature and
complexity of this set-up prevent use in applications outside a lab. Also, the
output power from photomixing is in the very low micro-watt range [26].
Figure 1.5: Simple optical down-conversion used for terahertz time domain spec-
troscopy [27].
Laser sources that emit at the low THz range such as quantum cascade lasers
(QCL) can be used directly as THz sources. QCL lasers are solid-state semicon-
ductor layers consisting of multiple quantum well heterostructure. QCL lasers
have been reported to have a lowest frequency of 2.1 THz, providing up to 1.2
mW of power [20]. These lasers however require cryogenic cooling to operate,
and the output power decreases dramatically with increasing temperature [27].
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1.2.2 Frequency Multiplication
Frequency up-conversion and multiplication is achieved by using nonlinear devices
which can generate harmonics from an input signal. Up-conversion is usually im-
plemented using Schottky diode multipliers in complementary metal oxide semi-
conductor (CMOS) [16] and III-V semiconductor technologies [17][28]. Schottky
diodes on 130 nm CMOS technology was used to realise circuits operating up
to 860 GHz [16]. In III-V technology, GaAs Schottky diodes multiplier circuits
were reported to generate 1.8 THz signals with 0.5 µW output power with fu-
ture predictions of up to 1 µW at 2.5 THz [17]. Some disadvantages though are
frequency up-conversion usually requires an RF input source and power combi-
nation, where the output from several sources are combined into one single-ended
output to achieve desired power levels in the THz range. High noise levels and
low power efficiency are also some of the limitations of this method of THz signal
generation.
1.2.3 Vacuum Electronic Devices
Vacuum electronic devices such as terahertz vacuum tubes which operates based
on thermionic emission, and other free electron sources such as backward wave
oscillators (BWO) [29] and gyrotons [21], which operate based on stimulated cy-
clotron radiation of electrons in a magnetic field, can be used to generate up to
kilo-watts (kW) of high-power THz radiations. The free electron devices could be
slow-wave devices, i.e. BWO, where the dimensions of the interaction structures
are the order of wavelength of the generated radiation or fast-wave devices (gyro-
tons) where the dimensions of the interaction structures are larger compared to
the radiation wavelength [30]. The magnetic fields to accelerate the electrons are
8
1.2 Sources
usually provided by a superconducting magnet. Despite the high power output
and long lifetime of the fast-wave devices, disadvantages of these sources are their
large size and requirements for generating the required high magnetic field [15].
1.2.4 Negative Differential Resistance (NDR) Device based
Oscillators
Negative (differential) resistance at single transistor ports when the other ports
are appropriately terminated or devices with current-voltage (I − V ) character-
istics that exhibit a negative differential resistance (NDR) region can be used to
generate high frequencies, even THz signals [31]. Figure 1.6 shows a typical cir-
cuit diagram for a one port negative resistance device oscillator. Here, the device
admittance Ysource is represented by Ysource = −Gsource + jBsource where −Gsource
is the device conductance and Bsource the susceptance. The load admittance Yload
is represented by Yload = Gload + jBload. Oscillations occur in the circuit when
the total circuit conductance is negative, i.e.[31].
Gload −Gsource < 0 (1.2)
Some common devices that exhibit NDR region are Gunn diode, impact ion-
ization avalanche transit-time (IMPATT) diode, tunnel injection transit time
(TUNNETT) diode and resonant tunnelling diode (RTD). Unlike in the case of
frequency up-conversion, NDR devices only require a DC input signal (and a
suitable external passive circuit) to produce a RF output signal.
The Gunn diode which is a transferred electron device (TED) is fabricated on an
N -type semiconductor material unlike regular p − n junction diode. It is a two
terminal device with three energy band levels; valence, conduction and a third
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Figure 1.6: Circuit for one port negative resistance device oscillator.
band which has less mobility [32] [33]. The NDR is formed when the effective mass
of the electrons reaching this band is increased and their drift velocity decreases.
Frequencies up to 162 GHz with 25 mW output power was reported with induim
phosphide (InP)-based Gunn diode oscillators mounted on diamond heat sink
[34]. Planar Gunn diode-based oscillators have been reported with fundamental
frequency of 164 GHz realised on indium gallium arsenide (InGaAs) material with
98 µW output power [35].
The IMPATT diode, unlike Gunn diode, is a p − n junction device that utilizes
avalanche breakdown under reverse bias conditions combined with charge-carrier
transit time to produce negative differential resistance. IMPATT diode oscillators
have been reported with fundamental frequencies up to 217 GHz in continuous
wave mode with combined output power of 1 W [36]. Simulated models have also
reported the possibility of 60 W RF power at 330 GHz from IMPATT oscillators
[37], but realising this would require improvements in the growth of high quality
3C-SiC substrate [38]. One disadvantage of the IMPATT diode is that the nature
of the avalanche breakdown is quite noisy, making IMPATT diodes susceptible
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to high phase noise [39].
TUNNETT diode was introduced from analysis of high frequency performance of
IMPATT diodes. They can be used to generate higher frequencies (100 GHz - 1
THz). At high frequency, the electron tunneling effect becomes more dominant
than the avalanche process [40]. TUNNETT diodes have lower phase noise and
can be used to achieve frequencies higher than IMPATT diodes, but with lower
output power -61 dBm (0.8 nW ) at 655 GHz and -67 dBm (0.2 nW ) at 701 GHz
[41] [42].
Resonant tunneling diodes which operate on the principle of quantum tunneling
of particles through barriers [43] are capable of very fast operation with the double
barrier structured RTD being the fastest electronic device to date. Oscillators
based on resonant tunnelling diodes show the greatest potential among the NDR
devices in bridging the THz-Gap. RTD-based oscillators have been reported
operating at 1.1, 1.46 and 1.55 THz but are limited by their low output power
of 0.2, 0.36 and 0.4 µW respectively [44]-[46]. For RTDs to be useful, their RF
output power need to be increased to milli-watt levels in the 0.1 THz to 1 THz
frequencies range [47].
1.3 THz Detectors
Methods of terahertz signal detection have generated a lot of interest because of
the use of THz time domain spectroscopy in the study of various materials. THz
detection is difficult because the low photon energy levels are usually dominated
by ambient background thermal noise. Detection of THz radiations is mainly done
using two main methods; coherent detection and incoherent (direct) detection
[48].
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• Coherent detection is usually done using heterodyne detectors with superco-
nductor-insulator-superconductor (SIS) mixers [49][50]. This has mostly
been used for high-resolution spectroscopy. Heterodyning is done to reduce
signal to noise ratio by reducing the bandwidth. Heterodyne detection uses
a nonlinear device to multiply a local oscillator (LO) signal with a received
signal from an antenna. The signal is down-converted to the intermediate
frequency (IF) signal which is detected, usually after amplification, using
digital fast Fourier transform spectrometers. The phase and amplitude of
the received signal is preserved for signal processing.
• Direct detectors are based on the principles of power absorption and square
law detection. They are operated either at room temperature or cooled and
are used for applications that do not require very high spectral resolution
due to sensitivity issues. Examples of direct detectors are the conventional
bolometer, which is based on direct thermal absorption and change in resis-
tivity, antenna coupled micro-bolometer [51], Golay cell which is based on
thermal absorption in a gas chamber [52], and antenna-coupled Schottky
diodes based on square-law detection [49] [53] [54].
1.4 THz Antennas
To fully realise the potential of THz radiation including high data-rate wireless
communication, antennas capable of efficient transmission and receiving of THz
signals are needed to help overcome the limitations of low-power and other con-
straints mainly atmospheric loss. Because a vast majority of antennas function as
resonators and the ideal resonant length is half the wavelength at the operating
frequency, most of the antenna designs at the THz frequency range are very small
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in physical size. This leads to a smaller effective aperture. Also, the skin effect
at such high frequencies leads to increased resistance and losses.
To address the problem of low power in the THz range, high directivity antennas
are required to radiate most of the power in the desired direction. Some conven-
tional antennas such as the Yagi Uda antenna and the horn antenna are directive,
but some research suggests that adding lenses can improve directivity and gain
[55]-[57]. Modified conventional antennas would work at THz frequencies, and
some have been demonstrated up to 0.34 THz [58]-[60].
1.5 Thesis Aim and Organisation
The aim of this PhD project was to realise and characterise various components
required for the realisation of a solid-state THz technology. The work includes
characterising tunnel diodes and RTD devices (for eventual use as solid-state THz
sources) as well as the design, realisation and characterisation of a broadband
THz planar Yagi antenna. A new circuit based on power-combining technique for
tunnel diode (TD)-based oscillators will also be described.
This thesis is organised as follows: Chapter 1 (this chapter) introduces and
reviews THz radiation and its characteristics including wavelength, safety and
limits. Common THz sources are described in this chapter, while methods of
detection of THz signals are also briefly discussed including a section on THz
antennas.
Chapter 2 describes the operating principles of two negative differential resistance
(NDR) devices: Tunnel diodes and RTDs including the quantum tunneling effect
and the formation of the NDR region with applied bias voltage.
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Chapter 3 reviews and presents a method of accurate DC current-voltage (I−V )
characterisation in the NDR region of TDs and RTDs (fabricated with help by
Dr. Jue Wang) using pulsed DC. The device characteristics are modelled using a
physics-based current density-voltage (J − V ) model using fitting/optimisation.
Chapter 4 describes and presents microwave frequency characterisation of the
RTD at various bias conditions. An extracted small-signal equivalent circuit
model from the scattering parameter measurements is presented in this chapter.
Chapter 5 describes a novel design procedure for tunnel diode or resonant tun-
neling diode oscillators. The circuit based power combining topology is for two
oscillators with a single load. The proposed circuit was designed and realised
in microstrip technology using tunnel diodes as the active elements. The design
approach and experimental results are presented in this chapter.
Chapter 6 discusses antenna theory and presents an ultra-wideband Yagi-Uda
antenna (fabricated by Khalid Alharbi) with experimental results. The design is
based on a conventional antenna but scaled to work at 200 GHz. A new on-wafer
radiation pattern characterisation method of this antenna is also presented and
the measured radiation pattern is compared with simulated radiation pattern.
Conclusions and future work are discussed in Chapter 7.
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Chapter 2
Tunnel Diodes and Resonant
Tunneling Diodes
2.1 Introduction
Devices with negative differential resistance (NDR) region, where the ratio of
the change in voltage (∆V ) and current (∆I) is less than 0, ∆V/∆I < 0, can
generate (high frequency) power from the applied bias voltage as opposed to
positive differential resistance which dissipates such applied power. This makes it
possible for devices with NDR regions to produce AC power from a DC input. One
of the most commonly known device that exhibits a negative differential resistance
is the tunnel diode, which was developed by Leo Esaki in 1957 after noticing a
new phenomenon in a heavily doped germanium p− n junction diode [61]. Later
in 1973 together with Raphael Tsu, they observed resonant energies in multi-
barrier tunneling on experimental GaAs/AlGaAs super-lattice structures [62]. In
1974, Chang, Esaki and Tsu observed the tunnelling of electrons in a thin GaAs
structure sandwiched between two AlGaAs barriers with the I-V characteristics
showing current peaks at resonant energies [63]. Since then, resonant tunnelling
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diodes have been developed and realised on various III-V semiconductor materials.
They can also be realised in the silicon-germanium (Si/SiGe) material system
[64] which has the potential of easy integration with the existing silicon (Si)
technologies.
Figure 2.1 shows the typical forward characteristic of a tunnel diode or resonant
tunneling diode (solid line) along with the characteristic of a conventional p− n
junction diode (dashed line) showing the peak and valley current points, Ip and
Iv, the peak and valley voltage points, Vp and Vv, and the negative differential
resistance region. An important figure of merit of NDR devices is the peak-to-
valley current ratio (PVCR), Ip/Iv which can be determined from the current
voltage characteristics of the device [65]-[67].
Figure 2.1: Typical forward current-voltage characteristic of a resonant tunnel
diode or tunnel diode (solid-line) showing peak voltage point Vp, valley voltage point
Vv, peak current point Ip, valley current point Iv and the negative differntial resis-
tance (NDR) region with that of a conventional p-n junction diode (dashed-line).
The peak-to-valley current and voltage differences are denoted by ∆I and ∆V ,
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respectively. The maximum absolute value of the small-signal negative conduc-
tance, Gn(max), can be expressed in terms of ∆I and ∆V [68], [69]-[71].
2.2 TD/RTD Maximum Negative Differential Con-
ductance, −Gn(max)
Figure 2.2a shows the large signal model of a TD/RTD can be represented by
a voltage controlled current source I(V ), with self-capacitance of the device Cn.
The voltage controlled current source can be represented by a cubic polynomial
in Equation 2.1 [69] where the origin is shifted to the middle of the NDR region
for convenience as shown in Figure 2.2b and expressed mathematically by
I(V ) = −aV + bV 3 (2.1)
where a and b are both positive constant coefficients.
Equating the gradients at the peak and valley points of the curve to zero, the
constants a and b can be expressed as
dI(V )
dV
= −a+ 3bV 2 = 0 (2.2)
The bias voltages at the peak and valley points Vp and Vv respectively can then
be derived from Equation 2.2 as,
Vp = −
√
a
3b
(2.3)
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(a)
(b)
Figure 2.2: (a) TD/RTD device large signal model showing self-capacitance Cn
in parallel with voltage controlled current source I(V ) [69]. (b) Voltage controlled
current source model from cubic polynomial.
Vv =
√
a
3b
(2.4)
and the currents at the peak and valley points Ip and Iv respectively, can be
derived by
Ip = −aVp + bV 3p (2.5)
Iv = −aVv + bV 3v (2.6)
From Equations 2.3 to 2.6, the difference in peak to valley current, ∆I, and
voltage, ∆V , can be expressed as
Ip = a
√
a
3b
− b
(√
a
3b
)3
(2.7)
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Iv = −a
√
a
3b
+ b
(√
a
3b
)3
(2.8)
∆I = Ip − Iv = 4a
3
√
a
3b
(2.9)
∆V = Vp − Vv = 2
√
a
3b
(2.10)
The constants a and b can be expressed as a = (3∆I)/(2∆V ) and b = (2∆I)/(∆V )3.
The maximum value of the negative conductance −Gn(max) located at the mid-
dle of the NDR region, which is represented in Figure 2.2b as the origin. It is
equal to a = (3∆I)/(2∆V ) [69][70]. This analysis helps determine the optimum
load conductance value for maximum power to be delivered to the load as will be
described in Chapter 5.
Gn(max) =
3∆I
2∆V
(2.11)
The next section describes electron tunneling effect in tunnel diodes and RTDs
and briefly describes structures of RTDs in III-V technologies.
2.3 Principles of Operation
2.3.1 Tunnel Diode
A tunnel diode is a highly doped p− and n−type junction semiconductor de-
vice e.g. galluim arsenide (GaAs) typically with doping concentrations around
1019cm−3 to 1020cm−3 [72] [73]. This creates a very thin depletion region as the
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p−n junction becomes abrupt. The Fermi-level is moved towards the conduction
band or the valence band depending on the concentration of donors or acceptors,
respectively [73]. Current flow in the tunnel diode is mainly due to the quantum
mechanical principle of electron tunneling. This is as a result of matter behaving
as both a wave and a particle.
Traditionally, an electron can only surmount a barrier if it possesses energy ex-
ceeding that of the barrier height, but in quantum theory, it can tunnel through
(some distance of) the barrier with less energy than that required to cross it.
In the case of tunnel diodes, the barrier formed at the junction is thin enough
to allow successful electron tunneling to the other side of the barrier. Figure
2.3 shows the cross sections of highly doped p − n junction structures with the
Fermi-level in the conduction and valence bands. Ec, Ev and Ef are the con-
duction band, valence band and Fermi-level, respectively, while V , Vp and Vv are
forward voltage, peak voltage and valley voltage, respectively.
In Figure 2.3(a), when there is no applied bias voltage V , there is no current flow.
When V is applied and slowly increases as seen in Figure 2.3(b), electrons from
the conduction band begin to tunnel through the thin barrier to the valence band
in the p−region as the region between the Fermi-level, Ef , and the conduction
band, Ec, in the n region of the semiconductor increases and the electrons move
to empty states in the p region thereby causing a forward tunnel current. As
the applied voltage V slowly approaches peak voltage point Vp, the energy in the
n−region equals the holes in the p−region causing maximum tunnelling current
as shown in Figure 2.3(c). Above this voltage level, there are less empty states
in the p−region for electrons to tunnel into leading to a decrease in the forward
tunnelling current hence creating a negative differential resistance region seen in
Figure 2.3(d). This decrease continues with increasing forward voltage until there
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are almost no available states in the p−region for electrons to tunnel through the
barrier to occupy. This is when the valence band in the p−region lines up with
the n−region conduction band, and this point is known as the valley region.
(a) (b)
(c) (d)
(e)
Figure 2.3: Cross section of highly doped p and n junction which forms the tunnel
diode with corresponding band diagram and tunnelling current at various forward
bias conditions [74] (a) no forward bias voltage, (b) small forward bias voltage ap-
plied and tunneling starts to occur, (c) bias voltage at peak voltage point showing
peak tunneling current (d) bias voltage above peak voltage point showing the nega-
tive differential region and (e) Thermal excitation when bias voltage exceeds valley
voltage point.
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With further voltage increase above the valley voltage, Vv, point in Figure 2.3(e),
forward current starts to increase again due to lower potential barrier as ob-
served in the classic p−n junction diode current-voltage characteristic due to the
diffusion of majority carriers.
The tunneling current-voltage (I − V ) characteristic of the tunnel diode can be
estimated by [74][75],
Itunnel = Ip
(
V
Vp
)
exp
(
1− V
Vp
)
(2.12)
where Itunnel is the tunneling current and Ip is the peak current. Tunnel diodes
are usually fabricated using the ball alloy method where an alloy with the right
doping is brought in contact with a heavily doped substrate or pulsed electroplat-
ing where an appropriately doped metal is deposited to a highly doped substrate
using interrupted direct current [74].
2.3.2 Resonant Tunneling Diode (RTD)
The resonant tunneling diode is a two terminal device which operates on the prin-
ciple of electron tunnelling. It is a heterostructure. A heterostructure is a device
having a combination of heterojunctions, and the heterojunction is a junction
formed between two dissimilar layers having unequal energy band gaps. It is usu-
ally manufactured using molecular beam epitaxy (MBE). The RTD in its most
common form, is a double barrier structure which consists of an undoped nar-
row band gap material layer which forms the quantum well sandwiched between
two undoped large band gap material layers which are the barriers [43][74][76].
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The quantum well and barriers are located between two heavily-doped n-type
materials with small band gaps which form the emitter and collector regions.
A typical layer structure of a resonant tunneling diode is shown in Figure 2.4
with the corresponding energy band diagram where EC,E/EC,C represents the
emitter/collector conduction layer, EF,E/EF,C the emitter/collector Fermi-energy
level and Er1 and Er2 the resonant energy levels. Because the dimensions of the
double barrier structure are comparable to the electron wavelengths, the electron
wave nature allows tunnelling through the double barrier quantum-well (DBQW)
structure to occur with a bias voltage.
Figure 2.4: (a)Typical layer structure of the resonant tunnelling diode double bar-
rier quantum well structure, showing the quantum well which is formed between the
two barriers made up of layers of undoped wider band gap semiconductor material.
(b) Corresponding conduction band diagram showing the Fermi level of the emitter
and conductor layers (EF,E and EF,C), the conduction bands of the emitter and
collector, (EC,E and EC,C), and the resonant energy levels (Er1 and Er2).
The materials are chosen to achieve band gaps which improve electron mobility
by reducing the electron effective mass [77]. The layers can also be optimised
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to improve the performance of the RTD. Reducing the quantum well thickness
increases the first resonant energy level which increases the tunneling current and
the PVCR is increased. However, this shifts the peak bias voltage to a higher
value [78]. Reducing the barrier thickness increases the transmission probability
therefore increasing the current density [76]. The undoped spacer layers are used
to prevent diffusuion of dopants to subsequent layers. Reducing the spacer layers
improves the PVCR, but this leads to an increase in the self capacitance which
reduces the high frequency performance of the device[77].
The conduction band diagram of the double barrier resonant tunneling diode
structure at different states of forward bias is presented in Figure 2.5 showing the
resonant energy states, Er1 and Er2, the Fermi energy levels, EF,E and EF,C , the
conduction bands, EC,E and EC,C .
At zero bias voltage, there is thermal equilibrium and no current flows as seen
in Figure 2.5(a). When the positive bias voltage is applied to the collector and
slowly increased, the chance of electrons tunneling through the barrier increases.
The electrons form a layer at the emitter and tunneling starts to occur through
the barrier and some current is produced. As the voltage continues to slowly
increase, the first resonant energy level, Er1 is moved to the Fermi energy level
EF,E in the conduction band as can be seen in Figure 2.5(b) and more electrons
can tunnel through to the collector, leading to an increased current. The peak
tunneling current is achieved when the energy level matches the conduction band
at the energy level EC,E as seen in Figure 2.5(c). Here, the resonant energy
state is reached and above this, fewer electrons can go through and the tunneling
current starts to decrease creating a negative differential resistance as shown in
Figure 2.5(d). In Figure 2.5(e), at larger forward voltages the electrons acquire
high enough energy and thermal emission over the barrier starts to occur and the
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current rises again with bias voltage [79].
(a)
(b)
(c) (d)
(e)
Figure 2.5: Conduction band diagram of a double barrier quantum well struc-
ture forming the resonant tunnel diode at different forward bias (Vb) conditions:
(a) no bias (b) positive bias applied to the emitter in forward bias condition at
threshold voltage (c) forward bias at peak voltage (resonant tunneling) (d) NDR re-
gion showing decreasing tunneling current and (e) forward bias above valley voltage
(non-resonant energy).
The resonant tunneling diode is a much faster device than the tunnel diode,
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and this and its structural simplicity makes it quite useful for high frequency
oscillation circuits into the THz range. Compared to the tunnel diode, the RTD
is faster because of its very low self-capacitance, Cn [80].
Cn =
εA
d
(2.13)
In Equation 2.13 for tunnel diodes, A is the junction area and it is the mesa size
for RTDs, d is the depletion layer thickness for tunnel diodes and the quantum
well width including the spacer layers for RTDs. ε is the dielectric constant of
the material [76][80].
2.3.2.1 RTD Materials
RTD devices are usually realised using III-V semiconductor materials [81]-[83].
III-V materials possessing small effective electron mass (m∗) have high electron
mobility, and these materials with high conduction band offset can improve the
peak voltage-current ratio by supressing thermal electron current [84].
Some typical III-V materials used to realise RTDs are GaAs/AlGaAs [82], InAs/AlSb
[85] and InGaAs/AlAs [68][86]. The RTD layer structure for InGaAs/AlAs RTD
device characterised in this thesis is shown in Table 2.1 with layer thicknesses
[68][83] [87] [88]. Attempts have also been made to realise RTDs in silicon-based
materials such as silicon germanium, Si/SiGe [89]. This would allow for easy
integration with existing complementary metal oxide semicondutor (CMOS) pro-
cess used in logic circuit designs [37] [64]. However, Si-based RTDs are still an
immature technology as few researchers spend time developing Si-based RTDs
because they are predicted to be theoretically inferior to III-V RTDs. Si-based
materials have lower peak current density and peak-to-valley current ratio due
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Table 2.1: InGaAs/AlAs material parameters layer structure for InGaAs/AlAs-
based RTD device [68].
InGaAs/AlAs Material Parameters
m0 is the electron mass at rest, 9.11× 10−31kg
Material Effective mass Band gap Dielectric constant Conduction
band offset
m∗ Eg(eV ) εr ∆Ec(eV )
In0.53Ga0.47As 0.042m0 0.71 12.9 0.65
AlAs 0.1m0 2.16 10.1
RTD Layer structure (Dopant Si)
Layer Thickness (nm) Composition Doping level (cm−3) Description
1 40 InGaAs 3× 1019 Contact
2 80 InGaAs 2× 1018 Emitter
3 50 InGaAs 2× 1016 Spacer Layer
4 1.4 AlAs Undoped Barrier
5 5.5 InGaAs Undoped Well
6 1.4 AlAs Undoped Barrier
7 50 InGaAs 2× 1016 Spacer Layer
8 80 InGaAs 2× 1018 Collector
9 10 InP 1× 1019 Etch Stop
10 400 InGaAs 3× 1019 Contact
11 200 InAlAs Undoped Buffer Layer
Substrate InP 635 µm
to the smaller conduction band offset between Si and SiGe in the double barrier
heterostructure when compared to III-V semiconductor materials [89][90].
2.4 Summary
In this chapter, the operating principles of tunnel diodes and resonant tunnel
diodes have been explained including an explanation of the creation of the neg-
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ative differential region (NDR) in their I − V characteristics. The NDR region
enables these devices to be used as active devices in high frequency oscillators.
The DC and RF characterisation of TDs and RTDs is described in Chapters 3
and 4.
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Chapter 3
DC characterisation of Tunnel
Diodes and Resonant Tunneling
Diodes
3.1 Introduction
Accurately measuring the current-voltage (I − V ) characteristics of devices with
inherent negative differential resistance (NDR) regions is difficult to do directly
without the aid of adding external components. This is due to the parasitic os-
cillations in the bias circuit [91]-[94]. In this chapter, the problem of unwanted
parasitic bias oscillations in the negative differential region of tunneling diodes
and resonant tunneling diodes is briefly discussed. Pulsed measurements as a
direct way of DC characterisation of these devices in the NDR region is discussed
and experimental results are presented for an indium phosphide-based RTD and
a commercially available germanium 1N3712 tunnel diode. A physics-based an-
alytical model is also used to describe the current density of the RTD with bias
and shows an excellent fit with the data from the pulsed I-V characteristics.
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3.2 Bias Oscillations in Tunneling Diodes
Figure 3.1a shows a typical TD/RTD device when biased and Figure 3.1b shows
the corresponding current/voltage characteristics. In Figure 3.1a, Lb and Rb
represent the inductance of the biasing line cables and the resistance respectively.
In Figure 3.1b the difference in the peak-to-valley current and voltage in the NDR
region is shown and is denoted by ∆I and ∆V , respectively.
(a) (b)
Figure 3.1: TD/RTD with DC biasing showing biasing line modelled with induc-
tance, Lb and resistance, Rb, (b)I-V characteristics showing voltage and current
range ∆V and ∆I of the NDR region.
When the device in Figure 3.1a is biased in the NDR region, the circuit has
unwanted oscillations when the net resistance seen by the DC source is negative.
Due to large equivalent inductance from the biasing lines, the frequency of these
unwanted oscillations are low. These unwanted oscillations lead to a distortion
of the measured I-V characteristics of an NDR device [71].
Figure 3.2 shows the AC or small-signal equivalent circuit of Figure 3.1a when
biased in the NDR region. The DC supply is replaced by a short circuit and
the device is represented here by its negative differential conductance, −Gn, in
parallel its self-capacitance, Cn. The resistance of the biasing line is very small,
so it is neglected in the RF equivalent circuit in Figure 3.2b
30
3.2 Bias Oscillations in Tunneling Diodes
(a)
(b)
Figure 3.2: (a)Small-signal equivalent circuit of a TD/RTD biased in the NDR
region with the device represented by the self capacitance, Cn and negative conduc-
tance, −Gn. (b) RF equivalent circuit.
The admittance of the circuit in Figure 3.2b is given by
Y = −Gn + jωCn + 1
jωLb
(3.1)
Oscillations will exist in the circuit because the net conductance is negative, see
Equation 1.2. The oscillation frequency is determined by Cn and Lb, and since
Lb is large, the frequency tends to be low, in the MHz range. These oscillations
distort the DC measurements in the NDR region. A commonly used but indirect
method of determining the I − V in the NDR region is to connect a stabilising
resistor, Rst across the device shown in Figure 3.3a [95] [96] to ensure that the
combined resistance is positive, and so effectively cancelling out the NDR region.
Figure 3.3b shows the AC small-signal equivalent circuit showing the device and
the resistor for stabilising, Rst and the biasing line inductance, Lb.
The admittance of the circuit in Figure 3.3b is given by
Y = −Gn + 1
Rst
+ jωCn +
1
jωLb
(3.2)
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(a)
(b)
Figure 3.3: (a)NDR device with shunt stabilising resistor Rst used for indirect I-V
characterisation (b) Small-signal circuit with stabilising resistor showing parasitic
inductance of biasing lines, Lb. The NDR device is represented here by the self
capacitance Cn and the negative differential conductance −Gn.
Y = −Gn + 1
Rst
+ j
(
ωCn − 1
ωLb
)
(3.3)
From Equation 1.2, the circuit would be stable if the real part of the admittance,
Yreal is positive [31] [68] [97] [98], i.e.
1
Rst
−Gn > 0 (3.4)
therefore at DC and low frequencies, the condition for stability is
Rst <
1
Gn
(3.5)
If the value of the Rst is chosen to satisfy Equation 3.5 above, the actual device I-V
characteristics can then be determined indirectly [95] [99]. For devices realised on-
wafer such as RTDs, the resistor for stabilising the circuit has to be added during
fabrication making it a less robust method of accurately determining the device
I-V characteristics. This is because of variations in measured actual resistance
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values from the designed values for resistor fabrication using thin film technology
[100]-[102].
Static DC measurements were made of a commercially available 1N3712 tunnel
diode from American Micro Semiconductor, with peak current and valley current
of 1 mA and 0.12 mA, respectively, and peak point voltage and valley point
voltage of 65 mV and 350 mV respectively [103][104]. This was carried out
using the Keysight Technology B1500A semiconductor device analyzer without
the addition of a stabilising resistor. Figure 3.4 shows a hump-shaped distortion
in the NDR region of the measured I − V plot between 60 mV and 270mV due
to oscillations caused by the inductance of the bias cable.
Figure 3.4: TD I-V plot from static/standard DC showing effect of bias oscilla-
tions in the NDR region between 60 mV and 270 mV bias.
3.3 Pulsed IV Measurements
Pulsed current-voltage (I-V) measurements where the DC bias voltage is applied
in periodic pulses is an effective way of measuring active devices susceptible to
temperature and charge trapping effects [105][106]. Unlike static DC method of
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IV measurements, where increasing or decreasing voltage sweep is applied for the
desired bias range, pulsed DC measurements are made from levels determined by
the user to desired value for the chosen bias points throughout the voltage range
[107].
Pulsed IV allows for the study of the dynamic properties and helps for the devel-
opment of more accurate non-linear device models. Pulsed characterisation of TD
and RTD in this thesis was done with the Keysight B1530A waveform generator/
fast measurement unit (WGFMU) module with its remote sensing unit (RSU).
Figure 3.5 shows the WGFMU; it allows for ultra-high speed waveforms up to 10
ns resolution at 10 mA. It also allows measurements to be taken at any point in
the pulse period [108].
Figure 3.5: Keysight B1530A waveform generator/ fast measurement unit
(WGFMU) module with its remote sensing unit (RSU).
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3.3.1 Pulsed IV Characterisation of TDs and RTDs
Pulsed DC characterisation of TDs and RTDs was attempted for the first time on
this project (to the best of the author’s knowledge). Figure 3.6 shows a typical
pulsed waveform where Tr and Tf are pulse rise times and fall time, respectively;
the pulse duration is Ton; the pulse period is Tp; and the base voltage, is Vbase.
The pulse waveform was defined to allow the device under test (DUT) to attain
settled maximum current reading at each corresponding bias voltage point. This
is verified by outputting a single pulsed measurement of the current and voltage
as a function of time.
Figure 3.6: A typical square pulse waveform
As a benchmark, a 15 Ω metal film resistor was measured using static DC and
pulsed DC with Ton, of 1 ms and rise/fall time of 1 µs and Ton of 10 ns with
rise/fall times of 15 µs. The pulsed measured I − V measurement was carried
out on a test structure with sub miniature version A (SMA) coaxial connectors
attached to the terminals of the device as shown in Figure 3.7, which is the same
experimental measurement set-up used for characterising a tunnel diode.
Figure 3.8 shows the I − V measurements of the 15 Ω resistor carried out using
static DC and pulsed DC measurements. The measurements carried out using
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Figure 3.7: Measurement set-up employed for experiment, voltage applied from
channel 1 and current measured at channel 2. DUT is 15 Ω resistor for measure-
ment verification, and tunnel diode for active device measurement.
standard DC and pulses of widths, 10 ns and 1 ms are in agreement and display
the accurate resistance value across the measured voltage range.
Figure 3.8: I-V measurements of the 15 Ω resistor carried out using static DC
and pulsed DC measurements
A 1N3712 tunnel diode was then characterised using pulsed DC with the follow-
ing parameters; Ton of 100 ns and Tr/Tf of 10 ns, this allows monitoring the
presence/absence of oscillations at each bias point in the TD. Figures 3.9a shows
the time domain measurements of the applied voltages and the current for the
1N3712 tunnel diode. Figure 3.9b shows a shorter time domain plot of the pulsed
current measurement from peak current at the 7 µs to 14 µs time point which
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shows the onset and the damping of unwanted bias oscillations in the NDR region.
(a)
(b)
Figure 3.9: (a) Applied voltage pulses and measured 1N3712 tunnel diode current
pulses, (b) Measured current pulses from Ip at 7 µs showing the beginning and
damping of the oscillations in the NDR region.
The ability to measure I−V with pulses allow monitoring the onset of oscillations
and the regions in the traces where the current and voltage waveform both display
37
3.3 Pulsed IV Measurements
no oscillations. Since the pulsed measurement system allows measurements to
be taken along any point of the pulsed waveform, measurements taken in the
oscillation-free region can be used to accurately determine the I-V characteristics
of the device in the NDR region.
To correctly characterise the TD/RTD in the NDR region, Tr, Tf , Ton, Tp and Vbase
have to be chosen carefully to allow enough time for damping of the oscillations
therefore providing a stable window for measurements. This was achieved by
observing the measured current waveform in the time domain. For the 1N3712
tunnel diode, a pulse voltage waveform of 100 ns with rise/fall times Tr/Tf of
20 ns in increasing 5mV steps for the bias range was applied to the anode from
channel 1 and the corresponding current measured at the cathode from channel
2. Figure 3.10 shows the measured I−V characteristic using DC pulses to be free
from bias oscillations compared to the initial measurements done using standard
DC [109].
Figure 3.10: 1N3712 germanium (Ge) tunnel diode direct DC I-V measurement
modified by oscillations in the NDR region and pulsed measured I-V showing no
oscillations in the pulsed measurement NDR region [109].
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Pulsed DC characterisation of an InP-based RTD on-wafer was also carried out.
The RTD was made from In0.53Ga0.47As/AlAs, with undoped In0.53Ga0.47As quan-
tum well and AlAs barrier layers of 5.5 nm and 1.4 nm respectively. The spacer
layers were formed using slightly doped In0.53Ga0.47As layers and the emitter and
collector layers are made up of highly-doped In0.53Ga0.47As layers [68]. During
measurements, the device was contacted using two DC probes (from American
Probe Technologies (APT) Inc.). Figure 3.11 shows a picture of the RTD being
measured. Pulse voltage waveforms of 80 ns for Ton with rise/fall times Tr/Tf of
90 ns was applied. The increased rise time helped to minimise overshoot peaks
in the applied voltage pulses caused by parasitic inductances of the biasing cables
and sudden change in voltage state.
Figure 3.11: Picture of RTD being measured with DC probes.
Due to the higher peak current displayed by the InP RTD, a base voltage level
Vbase of 400 mV was used for the measurements. Figure 3.12 shows a close-up plot
of a measured current and voltage pulse duration of the RTD in the NDR region
[109]. The oscillations can be observed in the pulsed duration measurement in
the NDR region and the stable window where measurement is taken can be seen
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in the current plot. An identical voltage step of 5 mV was also used for the RTD
and the measured I − V characteristics are shown in Figure 3.13 for pulsed and
standard DC [109].
Figure 3.12: Time domain plots from 266 µs to 267 µs of current and voltage
pulse in the NDR region of an InP-based RTD showing oscillations and stable
window for measurement [109].
Figure 3.13: RTD direct DC I-V measurement modified by oscillations in the NDR
region and pulsed measured I-V showing no oscillations in the pulsed measurement
NDR region [109].
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3.3.2 Discussion
The first and second derivatives of the measured current-voltage characteristics
plots, dI
dV
and d
2I
dV 2
, can be used to detect the presence or absence of parasitic
oscillations in the measured I − V characteristics [95] [96]. Figures 3.14 and
3.15 show the first and second derivative plots of the measured I-V curves of the
1N3712 tunnel diode. Figures 3.16 and Figure 3.17 shows the first and second
derivative plots of the measured I-V curves of the InP-based RTD [109].
Figure 3.14: First derivative of the I-V curves of the 1N3712 diode showing the
presence of oscillations (valleys) on the direct DC measurement at 50 mV to 250
mV range [109].
The measurement carried out using static DC shows effects of the parasitic oscil-
lations in the NDR region between 50 mV to 250 mV bias for the tunnel diode
and 0.69 V to 1.2 V for the RTD. The measurments carried out using DC pulses
are seen to be free of parasitic bias oscillations. For the measurements showing
oscillations, the sudden changes in current in the NDR region is seen as sharp
valleys in the first derivative plots of the measured I − V characteristics and in
the second derivative plots and the effects of the bias oscillations can be seen as
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Figure 3.15: Second derivative of the I-V curves of the 1N3712 diode showing the
presence of oscillations (valleys followed by peaks) on the direct DC measurement
in the 50 mV to 250 mV range of the NDR region [109].
Figure 3.16: First derivative of the I-V curves of the RTD showing the presence
of oscillations (valleys) on the direct DC measurement in the 0.69 V to1.2 V range
of the NDR region [109].
sharp valleys immediately followed by sharp peaks.
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Figure 3.17: Second derivative of the I-V curves of the RTD showing the presence
of oscillations (valleys followed by peaks) on the direct DC measurement in the 0.69
V to 1.2 V range of the NDR region [109].
3.4 Analytical TD/RTD Device Model
For the resonant tunnelling diodes, a physics-based analytical expression for the
current-density voltage (J − V ) characteristic based on the Tsu-Esaki formula
for the approximation of tunneling current through a super-lattice structure, ob-
tained by summing the current density of each states over the occupied states
multiplied by their transmission probability. It is expressed as [43] [62]
J =
em∗κT
2pi2~3
∫ ∞
0
T ∗T ln
(
1 + exp [(Ef − El) /κT ]
1 + exp [(Ef − El − eV ) /κT ]
)
dEl (3.6)
where J is the approximated current density, e is the electronic charge, m∗ is
the electron effective mass, ~ is the reduced Plancks constant, κ is Boltzmanns
constant, T is the transmission amplitude, Ef is the Fermi energy and El the
electron longitudinal energy which is parallel to the current flow. This equation
can be used to create a current-density model for the device from the measured
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data. The expression in physical quantities is represented in Equation 3.7 [110]
as
J =
em∗κTΓ
4pi2~3
ln
[
1 + exp(EF−Er+eV/2)/κT
1 + exp(EF−Er−eV/2)/κT
]
.
[
pi
2
+ tan−1
(
Er − eV2
Γ
2
)]
(3.7)
where J is current density, V is voltage, e is the elementary charge, m∗ is the
electron effective mass, Γ is the resonance width which is the inverse lifetime of the
resonance state , ~ is the reduced Plancks constant, κ is Boltzmanns constant, T
is the transmission amplitude, EF and Er the Fermi band energy and the several
resonant energy levels in the quantum well, respectively. Allowing the physical
quantities to depart from their actual values to compensate for approximations
gives
J1(V ) = A ln
[
1 + exp(B−C+n1V )e/κT
1 + exp(B−C−n1V )e/κT
]
.
[
pi
2
+ tan−1
(
C − n1V
D
)]
(3.8)
Equation 3.8 models only the peak current density and the NDR region. To
model the non-resonant current effect caused by thermal emission the current
density expression for a diode in Equation 3.9 is used
J2(V ) = H
(
expn2eV/κT − 1
)
(3.9)
in Equations 3.8 and 3.9, A, B, C, D, H, n1 and n2 are unknown parameters in
the non-linear equations. Thus, the total current density can be expressed as
J(V ) = J1(V ) + J2(V ) (3.10)
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The measured RTD I − V characteristics can be fitted to Equation 3.10 by an
optimisation (fitting) process where the unknown parameters, A, B, C, D, H,
n1 and n2 are determined. The parameters in the non-linear Equations 3.8 and
3.9 are used as unknowns in a custom equation in the curve fitting tool, cftool in
MATLAB. The start points for these parameters are chosen using values in Ref.
[110], where a similar curve fitting analysis was performed for an InGaAs/AlAs
based RTD and an InAs/AlSb/GaSb resonant inter-band tunneling diode. The
curve fitting tool employs non-linear least squares method to create a fit between
the measured and simulated current densities which requires successive iterative
solutions to solve for the closest values of the unknowns (see Appendix A.1).
Figure 3.18 shows the measured and modelled I − V characteristics. Excellent
agreement between the two has been achieved [109].
Figure 3.18: Measured InP based RTD current density with non-linear least square
fit from unknown parameters in Equations 3.8, 3.9 and 3.10 [109].
The fitting parameters for the model of the InP based RTD are: A = 104A/m2, B =
3.394 × 10−3eV, C = 6.108 × 10−2eV, D = 8.373 × 10−3eV, H = 2.151 ×
104A/m2, n1 = 8.608× 10−2eV and n2 = 7.274× 10−2eV .
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3.5 Summary
Bias oscillation problems associated with static DC characterisation of tunneling
devices such as RTDs and tunnel diodes have been described and the most com-
mon method of connecting a resistor in parallel to the device as a solution to this
has also been described. Dynamic pulse current-voltage measurements have been
used here as a new approach for measuring oscillation-free I−V characteristics of
tunnel diodes and RTDs. The technique involves monitoring the on-set of para-
sitic oscillations during measurement and taking the current-voltage values before
the start of such oscillations. In addition, the measured I − V characteristics of
the RTD was modelled with a physics based analytical model through fitting.
In summary, accurate I−V characterisation of a TD and RTD was demonstrated
including the extraction of an analytical RTD model suitable for computer aided
design. The next chapter considers the RF characterisation of RTDs.
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Microwave Frequency
Characterisation of Resonant
Tunneling Diodes
4.1 Introduction
Reliable and accurate small-signal equivalent circuit model of devices at high
frequencies is needed for efficient microwave circuit designs such as amplifiers
and oscillators. For resonant tunneling diodes and tunnel diodes, this is especially
needed in the region of interest, the negative differential resistance (NDR) region.
High frequency characterization of the NDR region of RTDs is however usually
not possible due to parasitic bias oscillations. This section describes the high
frequency measurements and microwave frequencies measurement set-up suitable
for on-wafer characterisation of resonant tunnelling diodes. Also presented is
an equivalent circuit model, extracted from the measured data for the RTD in
the positive differential resistance (PDR) region. The values of the extracted
parameters from the measurements can be used in the optimisation of the device
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technology, e.g. the contact resistance should always be minimised, and in circuit
design, the device capacitance can be used to estimate the oscillation frequency
in an oscillator design.
4.2 High Frequency Measurements
As mentioned in section 4.1, high frequency characterisation of RTDs in the
NDR region is quite difficult due to instability caused by parasitic oscillations.
However, in a 50 Ω system such as in a vector network analyzer (VNA), and
for differential conductance less than 0.02 = 1/50 S (which is usually the case
in small sized devices [111]), or in sections of the current-voltage characteristics
of larger devices, these parasitic oscillations are usually absent because of the
small negative conductance eliminates bias line instability and high frequency
characterisation can be carried out [112][113].
The two basic circuit models used in the study of nonlinear oscillations in RTDs
are the lead inductor model and the quantum-inductor model [113][114]. The lead
inductor model is a variation of the Esaki tunnel diode model [115]. It has the
nonlinear circuit element and the capacitance connected in parallel configuration
and this is then arranged in series with the inductance and resistance. However,
studies have shown that due to the correlation of the Fermi energy level at the
source and the resonant energy levels due to self consistency of the potential
the charge stored in the quantum well, the quantum-inductor model which has
the inductive delay element in series with the nonlinear circuit element together
in parallel with the capacitance is a better model for the study of nonlinear
oscillations in RTDs [114][116][117].
Figure 4.1 shows the small signal equivalent circuit of the InP-based RTD made
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from In0.53Ga0.47As/AlAs which was characterised for DC in Chapter 3. The
Figure 4.1: Small-signal equivalent circuit of RTD, with the intrinsic and extrinsic
parameters shown [116].
equivalent circuit is made up of both the intrinsic (quantum-inductor model) and
extrinsic parameters. The intrinsic parameters consist of the quantum well in-
ductance, LQW , with the differential conductance, Gn in series, and these parallel
with the device capacitance, Cn. These are arranged in series with the device
series resistance, Rs [116]. The extrinsic parasitic parameters results from the
pad inductance, LP and the pad capacitances, CP . Z is the impedance of the
RTD with the pads and ZRTD is the impedance of the RTD without the pads.
Figure 4.2 shows the cross-section of an RTD structure with the equivalent circuit
elements in their locations.
4.2.1 Microwave Frequencies Characterisation
Characterisation was carried out in the microwave frequencies range at several
bias points in the first and second positive differential resistance regions and the
negative differential resistance region. In the NDR region, no device stabilization
method was employed. A diagram of the measurement set up is shown in Figure
4.3 and it consists of the Keysight technology B1500 to supply bias voltage and
a Keysight E8361A vector network analyzer (VNA) which was used to measure
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Figure 4.2: Small-signal parameters shown in a simple RTD layer structure under
bias condition.
the one port scattering parameters, S11, for the chosen frequency range and bias
points. The bias-T is provided through the VNA. Figure 4.4 shows an image
of the RTD device under test (DUT). The bias voltages for the PDR and NDR
regions of the RTD I − V are provided by the Keysight Technologies B1500A
device parameter analyser. The signal from the VNA and the bias voltages are
both fed to the device through a 100µm co-planar ground-signal-ground (GSG)
probe using a bias tee.
The frequency span for the measurements was 10 MHz to 67 GHz, and port power
was -17 dBm. On-wafer calibration was done by short-open-load-thru (SOLT)
calibration technique to eliminate errors and move the measurement reference
point to the tips of the probe [118]. The impedance standard substrate from
Cascade Microtech provided the short standard, thru standard and the 50 Ω
precision load standard. The open standard was achieved by raising the probes
in air.
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Figure 4.3: Measurement set-up.
Figure 4.4: Image of an RTD device under test.
4.2.2 Extraction of the RTD Equivalent Circuit Elements
The effects of the parasitic extrinsic parameters, Lp and Cp in Figure 4.1 have
to be excluded after measurements for accurate high frequency characterisation.
This is achieved by including shorted and open dummy pad test structures on
the wafer. The open dummy pad test structure is used to characterise the par-
allel parasitic component, Cp and the short dummy pad test structure is used to
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characterise the series parasitic component, Lp [119]. Figure 4.5 shows a micro-
graph of the RTD device including open and short pad test structures used for
de-embedding the effects of the pad inductance and capacitance.
(a) (b) (c)
Figure 4.5: Micrographs of (a) the RTD, (b) open dummy pad and (c) short
dummy pad used for de-embedding.
The measured S-parameters are first converted to Z-parameters from the rela-
tionship [31]
S11 = Γ =
Z − Zo
Z + Zo
(4.1)
where Γ is the reflection coefficient and Zo is the 50Ω characteristic impedance
of the measurement system, by
Z = Zo · 1 + S11
1− S11 (4.2)
To remove the parallel parasitic component, Cp, shown in the small signal equiv-
alent circuit in Figure 4.1, the Y -parameters, (Z−1), of the measured open pad
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test structure Yopen, is subtracted from the measured Y -parameters of the device,
Ymeas by
Yparallel = Ymeas − Yopen (4.3)
where Yparallel is the admittance without the parallel parasitic components. Since
the series parasitic component, Lp is embedded along with parallel components
in the measured short pad test structure, the impedance of the series component,
Zseries is found by
Zseries = (Yshort − Yopen)−1 (4.4)
where Yshort is the admittance of the measured short pad test structure. The
actual RTD Z-parameters is then found from
ZRTD = ((Y
−1
parallel)− Zseries) (4.5)
A schematic model of the intrinsic small-signal parameters, Rs, LQW , Gn and Cn
was created in the Keysight Advanced Design System (ADS) software for opti-
misation. The optimisation tool is used to extract the values of the small signal
parameters by fitting the measured ZRTD parameters over the entire frequency
range. The ADS gradient optimiser was used which calculates the difference or
error between the simulated and measured Z parameters [120]. The error func-
tion, EF determines the difference between the simulation and the measurement
for all the frequencies. The difference is squared and multiplied by a weighting
factor if required. This can be expressed in a generalised form as
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EF =
∑
frequency
Wi × |simulatedi −measuredi|2 (4.6)
where Wi is a weighting factor at each frequency increment. The least square error
function at each point (frequency) is evaluated individually. The magnitude of
these errors are squared, summed and averaged over the entire frequency range
to determine the least square error function. The gradient information of the
error function indicates the direction to move the set of parameter values, (Rs,
Gn, Cn and LQW ) until the error function is minimised. The optimisation goals
were set to match the real and imaginary parts of the measured ZRTD over the
measured frequency range. The initial values of Rs, Cn and LQW used in the
circuit simulation for optimisation were 15 Ω, 50 fF and 0.5 nH respectively.
These were estimated from the device structure (Cn), the literature (LQW ) [121]
and the IV characteristics (Rs). The values of the differential conductance −Gn
was fixed initially for each bias point using values derived in Figure 3.16 from the
oscillation free InP based RTD I − V measurements in Chapter 3.
4.3 Experimental Results
The S-parameters for the resonant tunneling diode were measured with bias volt-
ages at 0.5 V and 1.1 V in the positive differential resistance (PDR) regions and
0.65 V and 0.7 V in the negative differential resistance (NDR) region. Figures 4.6
to 4.7 shows the real and imaginary parts of the de-embedded S-parameters at
0.5 V, 0.65 V, 0.7 V and 1.1 V, respectively [109]. The measurements of the RTD
when biased in the PDR regions are shown in Figures 4.6 and 4.7. The real and
imaginary impedance parts of the measured S11 parameters in Figures 4.6 and
4.7 are seen to be generally smooth, however, the real and imaginary impedances
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becomes erratic when biased in the NDR region as seen in Figures 4.8 and 4.9 due
to parasitic bias oscillations. It should be noted, that beyond 36 GHz, the traces
are smooth and the data may have been good for extraction of the small signal
equivalent circuit elements. This is because the oscillation period of the incident
signal from the network analyser is quite shorter at higher frequencies than the
oscillation period of the parasitic bias oscillations hence it has minimal or no
effects on the measurements above 36 GHz [117][122]. However, the extraction
of the small signal equivalent circuit was conducted only for the PDR region.
Figure 4.6: Comparison of measured (dotted-lines) real and the imaginary parts
and simulated (solid-line) real and the imaginary parts (from extracted parameters)
of the S11 parameters at 0.5 V for the first PDR region [109].
The simulated results from the extracted parameters show good agreement when
compared with the measured data in the PDR region (Figures 4.6 and 4.7). The
extracted small signal parameters, including the conductance, series resistance,
inductance and capacitance of the RTD when biased at 0.5 V and 1.1 V are shown
in Table 4.1.
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Figure 4.7: Comparison of measured, (dotted-lines) real and the imaginary parts
and simulated, (solid-line) real and the imaginary parts (from extracted parameters)
of the S11 parameters at 1.1 V for the second PDR region [109].
Figure 4.8: Measured real and the imaginary parts of the S11 parameters at 0.65
V for the NDR region. Data beyond about 33 GHz seems smooth and may be useful
for equivalent circuit extraction.
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Figure 4.9: Measured real and the imaginary parts of the S11 parameters at 0.7 V
for the NDR region. Data beyond about 36 GHz seems smooth and may be useful
for equivalent circuit extraction.
Table 4.1: Extracted small-signal equivalent parameters in the PDR regions
Bias Series Resistance Inductance Conductance Capacitance
Voltage(V) Rs(Ω) LQW (pH) Gn(mS) Cn(fF )
0.5 32 26 32 160
1.1 34 54.5 40 248
4.4 Summary
High frequency characterisation of the resonant tunneling diode has been pre-
sented with de-embedding carried out to remove the effects of the pad parasitics.
A small signal model of the intrinsic parameters has also been provided at bias
points in the PDR region. Accurate small-signal model extraction of the RTD
when biased in the negative differential resistance region could not be carried
out due to the effects of bias oscillations. Future work should devise methods of
oscillation-free microwave characterisation of RTDs biased in the NDR region.
57
Chapter 5
Tunneling Diode Based Oscillator
Design
5.1 Introduction
As described in Chapter 1, devices that exhibit negative differential resistance
(NDR) can be used to realise RF sources. Tunnel diodes and resonant tunneling
diodes (TD/RTD)-based oscillators can be used to provide compact solid-state
RF sources operating at room temperature. This chapter describes and presents
the tunnel diode based oscillator topology and a proposed novel power combining
circuit topology to double the output power from a single oscillator circuit. The
technique is a self-synchronized oscillator that combines the output powers from
two coupled individual oscillators to a single load. Each of the oscillators is
individually biased. The proposed circuit is realised in micro-strip hybrid circuit
technology using tunnel diodes. The design method is applicable to RTDs for
higher frequency oscillators.
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5.2 DC Stability and Maximum Power
5.2.1 DC Stability and RF Oscillations
As described in Chapter 3, parasitic bias oscillations occur in the NDR region
due to the inductance Lb of the biasing lines/cables. This places a constraint on
the maximum output power that can be achieved using TD/RTD device-based
oscillators as the output RF power is distributed between the bias oscillations
and the design frequency [123]. The parasitic bias oscillations can be suppressed
if the criteria in Equation 5.1 is satisfied [71][96][97].
Rst <
1
Gn
(5.1)
Since −Gn(max) = a = (3∆I)/(2∆V ) (see chapter 2, section 2.2), Rst can also be
expressed as
Rst <
2∆V
3∆I
(5.2)
in terms of the device IV characteristics, namely the peak-to-valley voltage and
current difference, ∆V and ∆I respectively.
5.2.2 Maximum RF Oscillator Output Power
In this section, the theoretical RF output power of a single device TD/RTD
oscillator is derived [68][70][97][124]. Figure 5.1 shows the RF equivalent circuit of
a TD/RTD device-based oscillator. The TD/RTD is represented as a large signal
model with the device’s self capacitance Cn and a voltage controlled current source
i = f(v), where f(v) = −av+bv3. Assuming v is a sinusoidal signal, v = V cos(ωt)
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where V is the amplitude of the signal and ω is the angular frequency given by
1√
LCn
.
Figure 5.1: RF equivalent circuit a TD/RTD based oscillator with the TD/RTD
represented by self-capacitance Cn and voltage controlled current source i = f(v).
L represents the resonating inductor and Rload is load resistance.
From Kirchhoff’s current law, the currents in the circuit can be expressed as
i1 + i2 + i3 + i = 0, or
1
L
∫
vdt+ Cn
dv
dt
+ vGload + (−av + bv3) = 0 (5.3)
where Gload is the load conductance (Gload = 1/Rload) [68][70]. Equation 5.3 can
be re-arranged after differentiating with respect to time to give
LCn
d2v
dt
+ L(Gload − a+ 3bv2)dv
dt
+ v = 0 (5.4)
The instantaneous power dissipated by the load is given as
Pload = v
2Gload = (V cos(ωt))
2Gload (5.5)
The average power dissipated by the load is
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Pload(Average) = Gload
V 2
2
(5.6)
by integrating Equation 5.5 over one period, the power generated by the TD/RTD
can be expressed as
PNDR device = −iv = av2 − bv4 (5.7)
which, on integrating over one period, results in the average power generated by
the NDR device to be expressed as
PNDR device(Average) =
aV 2
2
− 3bV
4
8
(5.8)
As PNDRdevice equals Pload, V is given by
V = 2
√
Gn −Gload
3b
(5.9)
and the average power dissipated by the load, from substitution Equation 5.9
into Pload(Average) is
Pload = 2(Gn −Gload)Gload
3b
(5.10)
and when Gload = 1/2(Gn), the maximum power to the load (obtained by differ-
entiating Equation 5.10 and equating to zero) is given by
PMaximum =
G2n
6b
=
3
16
∆I∆V (5.11)
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Equation 5.11 gives an estimate of the maximum RF power that can be delivered
by a TD/RTD.
5.3 Hybrid Tunnel Diode (TD) Oscillator De-
signs
5.3.1 Single TD Oscillator Design
The schematic circuit of a single hybrid oscillator is shown in Figure 5.2a [125].
Vbias represents the bias voltage applied to the device with Rb and Lb representing
the resistance and inductance of the biasing cables, respectively. Rst is connected
in parallel to the TD to suppress low frequency bias oscillations and Cst is a
decoupling capacitor which acts as an RF short to ground to avoid RF power
been dissipated by Rst. Cst will act as a short circuit at the desired frequency if
1
2pifoCst
< 0.1Ω (5.12)
where fo is the desired oscillation frequency. Rst has to satisfy Equation 5.2 to
suppress the bias oscillations. DC blocking capacitor Cdc is used to prevent DC
bias voltage reaching the load Rload and is chosen to act as an RF short circuit at
the oscillation frequency. Figure 5.2b shows a high frequency equivalent circuit
of the single device oscillator with the TD represented by the negative differential
conductance, −Gn and the device self capacitance, Cn [125].
The frequency of oscillation fo can be derived when the suspectance of the circuit
in Figure 5.2b is set to zero, i.e.,
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2pifoCn − 1
2pifoL
= 0 (5.13)
or
fo =
1
2pi
√
LCn
(5.14)
(a)
(b)
Figure 5.2: (a) Single TD device oscillator topology biased with Vbias, Rb and
Lb representing the bias cable inductance and resistance, respectively. Shunt resis-
tor Rst is for suppressing bias oscillations. Decoupling capacitor is Cst. The load
resistance is Rload and L is the resonating inductance. (b) Single TD device oscil-
lator high frequency equivalent circuit. Here, the TD is represented by the device
self-capacitance Cn and the negative conductance −Gn [125].
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5.3.2 Coupled Tunnel Diode Oscillators
One of the ways of improving the output power of tunnel diode (TD) and resonant
tunneling diode (RTD) oscillators is the use of two active devices rather than one
[68][71]. Figure 5.3 shows an example of a circuit topology using this approach.
The circuit contains two tunnel diodes, TD1 and TD2, individually biased and
stablised with resistors Rst1 and Rst2. The inductances and resistances of the
biasing lines are represented by Lb1, Lb2 and Rb1 and Rb2 respectively. Cst1
and Cst2 are the decoupling capacitors. Rload is the load resistance and L, is
the resonating inductance. The frequency of oscillation of this circuit can be
represented by
fo =
1
2pi
√
(Cn1 + Cn2)L
(5.15)
Implementing this design for an oscillator with RTDs as the active devices, the
output power of -0.7 dBm at 28.7 GHz was reported [68], and for TDs as the
active devices, an output power of -7.83 dBm at 437 MHz was reported. This
was 3 dB higher compared to a single TD active device oscillator design with
measured output power of -10.17 dBm at 618 MHz [71]. However, the frequency
of oscillation fo, for the circuits using two TD or RTD devices is reduced compared
to that of the single TD or RTD device based oscillator due to increased total
device self-capacitances.
To keep the frequency of oscillation fo high as for a single TD oscillator while in-
creasing power, a new power combining approach is needed. Here two individual
oscillators made up of single tunnel diodes are coupled to allow for the combin-
ing of their power into a single load. The coupled oscillator topology shown in
Figure 5.4a employs the single TD oscillator design shown in Figure 5.2 [125].
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(a)
(b)
Figure 5.3: (a)Double TD device oscillator topology, (b) High frequency equivalent
circuit of double device oscillator topology where the TD devices are represented by
the capacitances, Cn1 and Cn2 and the negative conductances, −Gn1 and −Gn2
[68].
The individual oscillators are biased individually. Capacitive coupling of both
oscillators through DC blocks Cdc1 and Cdc2 allows the individual oscillations
to become synchronized and the output RF power delivered to the load Rload.
The RF equivalent circuit of the synchronized oscillator is shown in Figure 5.4b,
where TD1 and TD2 are replaced with the negative differential conductances,
−Gn1/−Gn2 and the device self capacitances, Cn1/Cn2 [125].
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(a)
(b)
Figure 5.4: (a) Power combining of two TD device oscillators biased and decou-
pled independently with the power collected at a single load Rload. (b) Small signal
equivalent circuit of coupled tunnel diode oscillators with the devices represented by
the self-capacitances Cn1 and Cn2 and the negative conductances −Gn1 and −Gn2
[125].
The frequency of oscillation can be expressed as
fo =
1
2pi
√
(Cn1 + Cn2)
(
1
1
L1
+ 1
L2
) (5.16)
where Cn1 and Cn2 are the device self-capacitances which are in parallel and L1
and L2 are resonating inductances for oscillator 1 and oscillator 2 in parallel.
This reduces to Equation 5.14 for L1 = L2 = L and Cn1 = Cn2 = Cn. Thus
the frequency of oscillation for the coupled oscillators is the same as for a single
device oscillator.
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5.4 Experimental Results
Both the single TD oscillator and the coupled oscillators were realised using
commercially available 1N3717 tunnel diodes. The I − V characteristics of the
1N3717 tunnel diode is shown in Figure 5.5. It has a difference in peak to valley
current, ∆I and voltage ∆V of 4 mA and 250 mV , respectively.
Figure 5.5: I-V characteristics of 1N3717 tunnel diode.
In this project, a micro-strip line was used to achieve the desired inductance.
The procedure for designing an inductor using a short circuited micro-strip line
is described here. The micro-strip line is a transmission line consisting of a strip
of conductor and a ground plane separated by a substrate.
Figure 5.6 shows a cross-sectional diagram of a typical micro-strip transmission
line. W , is the width of the conductor, t is the thickness of the conductor, l is the
conductor length and h is the height of the substrate. The relationship between
the ratio of the width of the conductor, W to the height of the substrate, h, the
dielectric constant of the substrate, εr and the characteristic impedance of the
line, Z0, is given by [31][126]
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Figure 5.6: Micro-strip transmission line structure showing ground plane and
conductor separated by substrate.
W
h
=
2
pi
{
B − 1− ln(2B − 1) + εr − 1
2εr
[
ln(B − 1) + 0.39− 0.61
εr
]}
(5.17)
for W/h ≥ 2
W
h
=
8eA
e2A − 2 (5.18)
for W/h ≤ 2. Where
A =
Z0
60
√
εr + 1
2
+
εr − 1
εr + 1
(
0.23 +
0.11
εr
)
(5.19)
and
B =
377pi
2Z0
√
εr
(5.20)
for a transmission line of length l the input impedance Zin, is expressed in terms
of the characteristic impedance, Z0 and the load impedance ZL as [126].
Zin = Z0
ZL + jZ0 tan (βl)
Z0 + jZL tan (βl)
(5.21)
β is the propagation constant and it is 2pi/λ. λ is the wavelength on a micro-strip
line and it is given by λ =
c
f
√
εeff
, where c is the speed of light, f is the frequency
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and εeff is the effective dielectric constant and it is
εeff =
εr + 1
2
+
εr − 1
2
[(
1 + 12
h
W
)−0.5
+ 0.04
(
1− W
h
)2]
(5.22)
for W/h ≤ 1, and
εeff =
εr + 1
2
+
εr − 1
2
(
1 + 12
h
W
)−0.5
(5.23)
for W/h ≥ 1. For a shorted circuited micro-strip line (ZL = 0), Equation 5.21 is
reduced to
Zin = jZ0 tan βl (5.24)
and the relationship between Zin(sc) and the inductance of the line, L is
Zin = jωL (5.25)
where ω is the angular frequency, 2pif . Figure 5.7 shows a shorted transmission
line
Figure 5.7: Short-circuited transmission line.
Capacitors, Cst for the single TD oscillator and for the coupled oscillators, Cst1
and Cst2 were used to provide short circuit load for the micro-strip lines. The
inductances L, for the single TD oscillator and L1 and L2 for the coupled TD
oscillators were realised using 11 mm long micro-strip lines of 1.8 mm width
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and substrate height of 762 µm realised on a Rogers laminate substrate having
dielectric constant, εr, of 3.48. This gives a total series inductance of ∼ 5nH
(4.3nH from microstrip line and 0.5nH from the packaged 1N3717 tunnel diode
[127]). This inductance value along with the 1N3717 self capacitance Cn of 13
pF forms the resonant circuits and these values keep the fundamental frequency
of oscillation fo around 600 MHz.
The decoupling circuits were implemented on the same substrate using 2 nF
multi-layered ceramic capacitors based on Equation 5.12 for Cst, Cst1 and Cst2.
Using Equation 5.2, the value of the stabilising resistors was 10 Ω for Rst, Rst1
and Rst2. Figure 5.8 shows a photograph of the coupled tunnel diode oscillators
showing the DC blocking capacitors Cdc1 and Cdc2 with capacitance values of 3
nF each [125].
Figure 5.8: Photograph of coupled tunnel diode oscillators realised in hybrid micro-
strip technology [125].
To measure the RF output power and oscillation frequency of the oscillators, a
spectrum analyser was used. The spectrum analyser used for the measurements
was the Keysight E4448A spectrum analyser which has an upper frequency limit
70
5.4 Experimental Results
of 50 GHz. For the results presented in Figures 5.9 and 5.10, the DC bias was
provided to the circuits using a Keysight B2902A precision source/measure unit
and the circuit was connected with a coaxial cable from the SMA connector to
the spectrum analyser [125]. Figure 5.9 shows the measured output power of
the single TD device oscillator at its fundamental frequency of oscillation, while
Figure 5.10 shows the measured output power at the fundamental oscillation
frequency for the coupled TD oscillator. The coupled tunnel diode oscillators has
a highest measured RF output power of -6.42 dBm (0.23 mW ) at 716.2 MHz at
265 mV bias voltage, which is roughly double the highest measured output power
from the single oscillator of -9 dBm (0.13 mW ) at 250 mV bias. The variation in
the fundamental frequencies of oscillations of the single and coupled oscillators is
attributed to slight variations in the inductance values of L,L1 and L2 realised
using lengths of micro-strip lines.
Figure 5.9: Measured spectrum of the fundamental frequency of oscillation of the
single 1N3717 tunnel diode oscillator biased at 250 mV with -9 dBm output power
at 575.7 MHz [125].
Figure 5.11 shows the oscillator output power as a function of bias. For the single
tunnel diode oscillator, the lowest output power is between -23 dBm at 90 mV
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Figure 5.10: Measured spectrum of the fundamental frequency of oscillation of the
coupled 1N3717 tunnel diode oscillators biased at 265 mV with -6.42 dBm output
power at 716.2 MHz [125].
bias and the maximum output power is -9 dBm at 250 mV . For the coupled
oscillators, the measured output power depended on the bias voltage and it was
-17 dBm at 90 mV and the maximum measured power is -6.42 dBm when 265
mV bias is applied.
Figure 5.11: Measured RF output power of single and coupled oscillators as a
function of bias voltage.
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Figure 5.12 shows the fundamental oscillation frequency as a function of the
applied bias voltage. For the single device oscillator, this is between 573 MHz
and 590 MHz depending on the bias voltage and between 700 MHz and 720 MHz
for the coupled oscillators.
Figure 5.12: Fundamental frequency of oscillation of single and coupled oscillators
as a function of bias voltage.
5.4.1 Phase Noise
Phase noise, which is the noise caused by short term variations or fluctuations that
occur in a signal caused by time-domain instabilities, is an important parameter
in oscillator design. An ideal signal in the frequency domain, can be expressed
as [128] [129]
V (t) = Aosin2pifot (5.26)
where Ao is the signal amplitude and fo the frequency of oscillation. In real
oscillators, there are unwanted amplitude and frequency fluctuations present and
the signal can be expressed as
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V (t) = [Ao + (t)] sin [2pifot+ ∆φ(t)] (5.27)
where (t) is the amplitude fluctuations and φ(t) is the phase fluctuations. The
phase fluctuations are random in nature and are referred to as the phase noise.
The phase noise is characterised by the ratio of the noise power in 1 Hz bandwidth
at a frequency (offset) away from the carrier to the carrier signal power and it is
expressed in decibels relative to the carrier per Hertz of bandwidth, dBc/Hz. It
can be expressed as
L(f) =
Poff/Hz
Pcarrier
(5.28)
where L(f) is the single sideband power referenced to the carrier, Poff/Hz is the
power in a 1 Hz bandwidth at a frequency away from the carrier and Pcarrier, is
the power of the carrier signal. Figure 5.13 shows the measured single side-band
phase noise of both the single tunnel diode oscillator and the coupled oscillators,
measured using the spectrum analyser from 100 kHz to 100 MHz offset frequency
from the carrier.
The coupled synchronised oscillator was observed to have lower phase noise across
the measured offset frequency range compared to the single device oscillator. The
coupled oscillator design had a phase noise value of -124 dBc/Hz at 100 kHz offset
from the carrier frequency and falling to -140 dBc/Hz at 10 MHz offset from the
carrier. The phase noise of the single oscillator is -95 dBc/Hz at 100 kHz offset
and -138 dBc/Hz at 10 MHz offset from the carrier.
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Figure 5.13: Measured phase noise of single tunnel diode oscillator (blue line)
and coupled tunnel diode oscillators (black line) at 100 kHz offset from carrier to
100 MHz offset from carrier.
5.5 Summary
In this chapter, a novel self-synchronized NDR oscillator design using 1N3717 tun-
nel diodes for improved power output was presented. The experimental results
show that the output power for the synchronised oscillators was doubled compared
to the single oscillator design topology. The results of single side-band phase noise
for both oscillators were presented. The design can be scaled for higher frequen-
cies by replacing the tunnel diodes in the designs with ultra-broadband resonant
tunneling diodes, and realising the circuits in integrated circuit technology.
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Chapter 6
A New Method for Antenna
Radiation Pattern
Characterisation in the
Millimetre Wave and Terahertz
Frequency Range
6.1 Introduction
To fully achieve the potential in the terahertz (THz) frequency range, suitable
antennas are required to transmit and receive these signals. Due to the low power
nature of solid-state integrated circuit THz sources, high gain and high directivity
antennas are necessary for most applications. A highly directional antenna would
allow most of the power from the source to be radiated in a specific or chosen
direction, which could increase the range. Also for broadband THz sources such
as resonant tunneling diode oscillators, antennas with broadband return loss are
desirable because of the broad frequency range RTD-based oscillators can op-
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erate. This makes RTDs coupled with broadband antennas a suitable choice
for broadband wireless communication. To fully realise and implement a RTD
coupled antenna design, the antenna radiation pattern has to be correctly char-
acterised. Classic antenna radiation pattern characterisation set-up require an
anechoic chamber, a receiving antenna (usually a horn antenna) and mechanical
displacement of both the antenna under test and the receiving antenna [130]. This
creates problems when working at frequencies where waveguide (rigid) connectors
and probes rather than coaxial (flexible) connectors and probes are required to
feed signal to the antenna.
This chapter discusses briefly antenna design theory and presents a very wide-
band planar quasi-Yagi antenna design for frequencies ranging from 140 GHz to
220 GHz. A proposed on-wafer two-dimensional radiation pattern characterisa-
tion method for air waveguide fed antenna is described and implemented.
6.2 Basic Antenna Theory
Antennas are structures associated with the region of transition between guided
wave propagation and free space wave propagation or vice versa [131]. They es-
sentially transform electromagnetic signals propagating in a wave-guide or trans-
mission line into electro-magnetic (EM) waves propagating in free space and vice
versa. To efficiently do this, the antenna dimensions have to be accurate for the
frequency of operation. The optimal dimension for most antennas is half the
wavelength, λ/2, of the operating frequency. Polarisation, which is the plane or
orientation of the wave, is an important factor in choosing or designing antenna
for specific applications. It is a property of the electric field vector that defines
variations in direction and magnitude with time. It can be described as the locus
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traced by the extremity of the time-varying electric field vector at a fixed obser-
vation point. Antennas are either linear, elliptical or circular polarised and the
type of polarisation is determined by the orientation of the antenna elements.
The radiating field regions of an antenna can be classified into reactive near-
field region, radiating near-field and the far-field region. The reactive near-field
is the area in the immediate vicinity of the antenna where the reactive field is
dominant and it is non-radiating. The boundary of the reactive near-field region
is λ/2pi from the antenna aperture, where λ is the wavelength of the radiation
[132]. The region next to this is the radiating near-field region also referred to
as the Fresnel zone. In this region radiating fields start to emerge and the
reactive fields are not dominant. The boundary of this region is 2L2/λ, where L
is the maximum dimension of the antenna. The far-field region often referred to
as the Fraunhofer region is furthest away from the antenna, and its boundary
distance, R > 2L2/λ, and the field distribution is completely independent of the
distance from the radiating source. The far field region must also satisfy R L
and R λ. Figure 6.1 shows the example of a three dimensional field radiation
pattern for a typical antenna.
The radiation pattern is a graphical representation of the antenna far-field prop-
erties. The principal two dimensional radiation pattern reference planes for linear
polarised antennas are the electric field, E-plane, which contains the direction of
maximum radiation in a plane parallel to the E vector and the magnetic field,
H-plane which is orthogonal to the E-plane. The gain of an antenna G, is given
by
G = η ×D (6.1)
where D is directivity and η the radiation efficiency of the antenna. The antenna
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Figure 6.1: Three dimensional far-field radiation pattern of a typical directive
horn antenna showing maximum radiation in the z-direction at θ = 0 and minor
lobes. A point the radiation pattern is given by angles θ = n◦polar and φ = n
◦
azimuth.
radiation efficiency is the ratio of radiated power to the input power, i.e
η =
Pradiated
Pinput
(6.2)
Directivity of an antenna is the value of directive gain in the direction of maximum
radiation (see Appendix A.2) [132]. The directive gain, Dg in any given direction
is the ratio of the radiation intensity in that direction over the radiation intensity
of an isotropic antenna (radiating evenly in all direction) and it can be expressed
as
Dg =
U
Uiso
(6.3)
where U is the radiation intensity given by the radiation density Wrad multiplied
by the square of the distance r, U = r2Wrad and Uiso the radiation intensity of
an isotropic source. The directivity can then be expressed from Equation 6.3 as
D =
Umax
Uiso
(6.4)
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where Umax is the maximum radiation intensity. From Equation 6.4 it can be
observed that the directivity of an isotropic antenna would be 1. The antenna
directivity increases with reduced beam width area, ΩA. The beam-width area is
a solid angle through which all of the radiated power would go if the total field
pattern, F (θ, φ), is maximum over ΩA and zero elsewhere. The radiated power
can expressed in watts (W ) as
Pradiated = F (θ, φ)ΩA (6.5)
Figure 6.2 shows a typical radiation pattern showing half-power beam width. The
beam-width area can be estimated by angles given at the half-power points of the
main lobe in the two main planes, i.e.
ΩA ≈ θhalfpowerφhalfpower (6.6)
Figure 6.2: Typical directive radiation pattern showing the half power beam width
at the -3 dB beamwidth on the main lobe.
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6.3 Yagi Antenna
The Yagi-Uda antenna invented by Shintaro Uda and Hidetsugu Yagi in 1926
is a moderate gain linear polarised antenna most commonly used as terrestrial
roof-top television antenna [133]. It is a highly directive antenna. The design of
a Yagi antenna consists of a dipole as the driven element and parasitic elements
which consists of the reflector and the director elements [134] [135]. The driven
element is the only fed (power is applied) element and the dimension is usually
in the order of half of the operating wavelength, λ/2. The Yagi antenna usually
has just one reflector located behind the driven element and it is longer than
half wavelength. The directors are located in front of the driven element in the
direction of maximum sensitivity, and the dimension is usually shorter than λ/2,
typically 0.45 λ. The number of directors can be increased to increase directivity
and gain [132].
6.3.1 Planar Yagi Antenna
The Yagi antenna has been realised in planar form for the X-band frequency
range, between 8 GHz to 12 GHz [136]-[138]. Figure 6.3 shows the design adopted
in this thesis which is a coplanar waveguide (CPW) fed structure [136][139]. This
was optimised for a design frequency of 200 GHz and it was realised on an indium
phosphide (InP) substrate with a dielectric constant εr of 12.56. It consists of two
director elements with lengths of 0.235 λeff and a driven element with length of
0.726 λeff . The reflector element is formed by the ground plane of the CPW feed
line and the spacing between the directors and the driven element was chosen
to be 0.06 λeff to reduce the total size [140]-[142]. Here, λeff is the effective
wavelength given by
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λeff =
c
f
√
εeff
(6.7)
where c is the speed of light, f the design frequency and εeff is the effective
dielectric constant given by [143]
εeff =
εr + 1
2
(6.8)
εeff takes into account the waves travelling through air and also through the
substrate. From equation 6.8, the InP dielectric constant εr of 12.56 results in
an effective dielectric constant εeff of 6.78.
Figure 6.3: Planar Yagi antenna geometry showing dimensions of elements.
6.4 Experimental results
The dimensions for a planar Yagi antenna designed for the frequency of 200 GHz
on InP substrate are shown in Figure 6.3. The calculated antenna dimensions are
shown in Table 6.1. The 50Ω coplanar waveguide (CPW) feed-line has a length
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of 558 µm. The signal line width is 20 µm with separation on either side of 13.8
µm from the ground planes.
Frequency Driven element Director Reflector1 Reflector2
(GHz) Ldriven(µm) Ldirector(µm) L1(reflector)(µm) L2(reflector)(µm)
200 418 135 295 311
Table 6.1: Planar Yagi antenna dimensions for 200 GHz
As part of the project, the antenna was fabricated by Khalid Alharbi using elec-
tron beam lithography process implemented on 600 µm thick indium phosphide
(InP) substrate with electrical resistivity of 8.6× 107 Ωcm. Electron beam resist
polymethyl methacrylate (PMMA) was used, which was spun in two layers on
the InP sample and baked for 2 minutes at 143◦C for each layer. Titanuim/Gold
(Ti/Au), 20 nm/400 nm thick metal scheme was deposited using electron beam
evaporator to pattern the antenna elements [141].
Figure 6.4 shows an optical micrograph of the fabricated Yagi antenna [144].
Figure 6.4: Fabricated planar Yagi antenna showing the director elements, the
driven elements and the reflector elements which is formed by the co-planar waveg-
uide (CPW) transmission feed line ground planes [144].
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6.4.1 Antenna Return Loss
The return loss of an antenna, measured from one port scattering parameter (S11)
characterisation, is a measurement of how much power is reflected back (due to
impedance mismatch) at the antenna port compared to the input power. It can
be expressed simply as
Return Loss = −20Log10 | S11 | dB (6.9)
It gives an indication of the operating bandwidth. An input port reflection coeffi-
cient, S11 value under -10 dB is an accepted value for an antenna’s return loss as
this means less than 10 % of the input power to the antenna is reflected back and
90 % of the available power is transmitted. Figure 6.5a shows a block diagram of
the measurement set-up used for the Yagi antenna S-parameter measurements.
The measurement was carried out using a Keysight E8364B network analyser
with upper frequency limit of 50 GHz. This is connected to the OML Inc
V05VNA2-T/R-A frequency extenders for 140-220 GHz frequency band through
the Keysight N5260A millimetre head controller. The RF and local osillator
(LO) frequencies needed to cover the band are provided by two E8257D ana-
log signal generators from Keysight (each with frequency range of 250 kHz to
20 GHz). Two waveguide based coplanar probes are connected to the ports on
the frequency extenders for measurements. Figure 6.5b shows a picture of the
measurement set-up. The CPW feed line allows for radio frequency (RF) on
wafer probing using narrow (50 µm) pitch ground-signal-ground (GSG) copla-
nar probes. Short-open-load-thru (SOLT) calibration to correct for errors and
move the measurement reference plane to the tips of the probe was carried out
before measurements using the GGB Industries Inc CS−15 impedance standard
substrate, with -10 dBm power applied to the port.
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(a)
(b)
Figure 6.5: S-parameter measurement system for 140 - 220 GHz. (a) Measure-
ment block diagram. Mixers in the frequency extenders are utilized to cover the
frequency range, with the LO and RF frequencies provided by the signal genera-
tors(adapted from [145]). (b) Picture of the measurement set-up.
The measured S11 is presented in Figure 6.6 for the 140-220 GHz frequency band
antenna along with the simulated results from the ANSYS HFSS. The HFSS
simulator employs the finite element method based electromagnetic solver. A 3D
geometry of the antenna dimensions including the InP substrate is created and the
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parameters defined. A wave-port is used to excite the mode of the feed line at its
input which excites the whole structure. An air box which extends to the far-field
region is defined to model open space. This absorbs the incident radiation from
the structure and thus, eliminate any reflections. The frequency analysis/sweep
setup is defined for 140-220 GHz. The finite element method uses mathematical
techniques to solve Maxwell’s electromagnetic equations (see Appendix A.3) in
the entire model by creating a volume based mesh and producing field solutions
for the entire volume including the surrounding environment [146][147].
In Figure 6.6, the measured and simulated -10 dB bandwidth of the antenna
designed at 200 GHz shows a 40 % operating bandwidth [144].
Figure 6.6: Measured and simulated return loss of Yagi antenna at 140 GHz to
220 GHz frequency range [144].
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Typically, radiation pattern measurements of antennas are carried out in a re-
flection free environment, usually an anechoic chamber. The anechoic chamber is
usually filled with pyramid absorbers made from foam and coated with carbon.
To be effective, the size of the pyramid must be at least one half wavelength long
at the lowest frequency of interest [148]. The absorbing quality of the anechoic
chamber is usually limited by the chamber’s frequency range. Another restrict-
ing factor is the feed line type in the anechoic chamber which is usually co-axial.
Also, antenna radiation pattern characterisation do employ a reference antenna
and mechanical displacement of either or both of the reference antenna and the
antenna under test [149]. Figure 6.7 shows an anechoic chamber for characterising
antennas designed at frequencies from up to 18 GHz.
In Figure 6.7, the reference antenna is a dual-polarised log-periodic antenna that
can operate between 500 MHz to 18 GHz mounted on a mechanical arm and it is
connected to a VNA through a coaxial cable. The antenna under test (AUT) is a
bow-tie antenna mounted on a rotating stage. The AUT is also connected using
a coaxial cable to the VNA. The mechanical arm and rotating stage allows for
the characterisation of the three dimensional radiation pattern of the AUT. The
pyramid absorber is fabricated from urethane foam impregnated with conductive
carbon and it has an absorbing frequency range from 500 MHz to 40 GHz [150].
However, above 110 GHz, coaxial connectors are no longer available and rigid air
waveguide connectors are required. These factors make it difficult to characterise
waveguide probe fed antennas at high frequencies.
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Figure 6.7: Anechoic chamber designed for frequencies up to 18 GHz showing
a reference antenna on a movable arm and the antenna under test (AUT) on a
rotating stage.
6.5.1 Two Dimensional Antenna Radiation Pattern Char-
acterisation
Various set-ups have been used in several works to characterise the radiating
fields of probe-fed antennas. In those set-ups, the antenna under test (AUT) is
connected to a signal source and it is fixed while the receiving reference horn
antenna is placed on a rotary arm which measures the radiation from the AUT
at various angles. The reference antenna is connected to a spectrum analyser to
measure the received power [151]-[154]. These set-ups, however, have only been
used to characterise antennas under 110 GHz with available coaxial connectors
which allows mechanical movement of the reference antenna. Above 110 GHz,
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rigid waveguides which would allow connection to the reference antenna do not
allow for such movement [155].
To avoid the need for mechanical displacement when using a waveguide feed-line,
a compact E−plane on-wafer radiation pattern technique for on-wafer antennas
at high frequency shown in Figure 6.8 was proposed and implemented [141] with
a radiating/transmitting antenna and a number of receiving (Rx) antennas dis-
tributed around the radiating antenna covering angles from −90◦ to 90◦ in 15◦
steps. At each angle and frequency, the magnitude of the S21 data is recorded to
plot the radiation pattern. The S21 is the forward transmission gain. It is the
ratio of received signal to the transmitted signal, and it gives a measure of the
radiation intensity. Plotting the S21 with angular positions provides the radiation
pattern of the antenna. The antennas are identical to the planar Yagi antenna
designed at 200 GHz discussed above and are distributed angularly around a
single identical antenna which is the antenna under test (AUT).
Figure 6.8: Fabricated planar Yagi antennas for on wafer radiation pattern char-
acterisation.
The number and positions of the distributed antennas are chosen according to the
angles at which the radiation pattern will be measured. The distance between
the receiving antennas and the radiating antenna is kept at 11.4 mm. Also,
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the distributed receiving antennas are positioned outside the radiating near field
boundary of 1.9 mm to each other to minimise coupling between them. However,
doing this reduces the number of angles at which the radiation pattern could be
measured.
Since the waveguide probes on the measurement station used is fixed, the angular
range of the distributed antennas from −90◦ to 90◦ are achieved by extending the
CPW-feed lines to the antennas with curves at 15◦ each. Figure 6.9 shows the
de-embedding structures consisting of a straight CPW transmission line and a
curved CPW line with two 15◦ curves fabricated on the same substrate. The S21
parameters of these curved lines are measured and used to account for the losses
introduced by the extended lines.
(a) (b)
Figure 6.9: De-embedding structures for extended CPW feed line loss correc-
tion, to achieve S21 parameters at desired angles. (a)Straight transmission line,(b)
Transmission line with two 15◦ curves.
The S21 parameters were measured using the same set-up for the return-loss
measurements. The actual S21 parameters of the antenna under test at each
angle is then determined by adding the losses introduced by the extended lines to
the measured data. The corrected S21 parameter for each angle is determined by
first getting the S21 parameter for a 15
◦ curve. This is achieved from measuring
a transmission line with no curve S21(T line) in Figure 6.9a, along with that of
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a transmission line with two 15◦ curves, S21(T line+ 2 curved sections) in Figure 6.9b.
The relationship for the S21 parameter of the transmission line with two curved
sections is
S21(T line+ 2 curved sections) = S21(T line) × S21(1 curved section) × S21(1 curved section) (6.10)
for a 15◦ curved section, S21(1 curved section) this becomes
S21(1 curved section) =
√
S21(T line+ 2 curved sections)
S21(T line)
(6.11)
the actual S21 parameter for each pair of radiating/receiving antenna, S21(actual θ)
is then determined by
S21(actual θ) =
S21(measured θ)[
S21(1 curved section)
]n (6.12)
where n is the number of 15◦ angles that make up the curve. The average loss
caused by the 202 µm long 15◦ curved transmission line section is ∼ 13 dB. The
radiation pattern of the antenna at a given frequency is obtained by
20 log10 (S21(actual θ)), dB (6.13)
this is normalised at each angle with the maximum S21 at 0
◦ for the frequency of
interest to plot the normalised radiation pattern. Figures 6.10a and 6.10b shows
the normalised measured and simulated radiation patterns plotted from the HFSS
analysis at 199 GHz and 209.8 GHz respectively.
It can be seen that the patterns show similar directivity and field pattern in the
measured and simulated radiation patterns. However, there are discrepancies
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(a) (b)
Figure 6.10: (a) Measured (Blue) and simulated (Red) radiation pattern of fab-
ricated Yagi antenna at 199 GHz, (b) At 209.8 GHz.
at some angles. This may be caused by unwanted reflected signals from metal
surrounding the probe station reaching the antennas which add constructively or
destructively to the desired received signal.
6.5.2 Antenna Gain
The maximum gain of the antenna can be determined from the Friis transmission
equation [132], Equation 6.14, by measuring the two antennas facing each other
at 0◦:
GrGt = G
2 =
(
Pr
Pt
)(
4piR
λo
)2
(6.14)
where Gr and Gt are the power gain of the receiving and transmitting antenna
respectively, Pr and Pt are the received and transmitted power respectively and
λo is the free space wavelength. R is the distance between the transmitting and
receiving antenna. For two identical antennas facing each other on the same
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substrate, Gr = Gt = G because the transmitting and receiving antenna are
identical. Equation 6.15 can be re-written for this case as
G2 = |S21|2
(
4piR
λo
)2
(6.15)
where S21 is the ratio of received power to the transmitted power for identical
antennas. λeff is the effective wavelength for the antennas transmitting and
receiving on the substrate. The antenna gain, GdB, in decibels would be given by
GdB = 10Log10G (6.16)
The distance between the antennas, R is kept at 11.4 mm on the InP substrate.
This keeps the transmitting and receiving antennas out of their far-field bound-
aries. The gain from the measured S21 parameter in the E-plane of the 140-220
GHz band antenna is 6.3 dB at 199 GHz and 6.7 dB at 209.8, when S21 is 0.043
and 0.047, respectively. The simulated gain for the antenna is 4.2 dB at 199 GHz
and 5.3 dB at 209.8 GHz.
6.6 Summary
In this chapter, ultra-broadband planar antennas with moderate gain which can
be implemented in the terahertz range for integrated circuits has been presented.
Also, two dimensional radiation pattern characterisation method of probe fed
antennas has been presented and the results show good agreement with simulated
results. Also, a method that could be used to characterise the E-plane for any
directive planar antenna has been described.
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7.1 Conclusions
Devices with negative differential resistance such as Gunn diodes, tunnel diodes,
impact ionisation avalanche transit-time (IMPATT) diodes and resonant tunnel-
ing diodes (RTDs) can be used in electronic oscillators to generate high frequency
signals. Of these devices, resonant tunneling diodes (RTDs) are one of the most
promising solid-state devices for terahertz generation at room temperature. RTDs
are the fastest operating solid-state electronic devices, and the highest reported
frequency of oscillation of RTD-based oscillator up till now is 1.55 THz with 0.4
µW of output power [46], and with a theoretical bandwidth of up to 2.5 THz
[156]. Despite the achievable high frequencies, RTD oscillators are still limited
by their low output power. Some of the other limitations of the resonant tunnel-
ing diodes are the bias oscillations associated with devices which makes it difficult
to accurately determine the DC characteristics of the device in the negative dif-
ferential resistance (NDR) region and therefore, a lack of accurate models which
could help to optimize the RTD device for various applications.
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The purpose of this PhD project was to address some of these limitations and
the main results achieved are:
• Accurate and direct oscillation-free characterisation of a 1N3712 tunnel
diode (TD) and a 0.75 × 0.75 µm2 resonant tunneling diode (RTD) in the
NDR region of the current-voltage (I-V) curve. This was done using pulsed
DC measurements instead of a static DC bias. The dynamic nature of the
pulsed DC method enables the defining of the pulse widths and rise times
to compensate for different device peak currents and most importantly al-
lows for the monitoring of the onset of bias oscillations and so taking the
measurements in a stable region before the oscillations begin to occur. A
physics-based analytical model of the RTD was extracted and accurately
models the current density-voltage (J-V) characteristics of the device. The
model can be used in circuit simulation using computer aided design (CAD)
software.
• Radio frequency (RF) characterisation of a RTD was carried out from 10
MHz to 67 GHz at a bias point in the positive differential resistance (PDR)
region and at some points in the NDR region. The S-parameter results
were used to determine an accurate small-signal model of the device for the
PDR region, but this was not possible in the NDR region due to the effects
of the parasitic bias oscillations in the S-parameter measurement carried
out in this region.
• A hybrid oscillator using commercially available 1N3717 tunnel diodes re-
alised in micro-strip technology, employing a novel power combining method
of two similar oscillators to improve the power output, was demonstrated.
The design employed two oscillators decoupled and biased independently
with the output powers from both taken at a single end. The oscillator had
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a maximum measured output power of -6.72 dBm (0.21 mW ) at 716.2 MHz
compared to a single device oscillator of similar size which provided -9.09
dBm (0.12 mW ) at 575.7 MHz, a more than 2 dB improvement.
• A planar Yagi antenna suitable for terahertz applications with ultra-broadband
response for 140 - 220 GHz frequency range (-10 dB return-loss) was fab-
ricated and characterised. A new method for two dimensional characteri-
sation of the radiation patterns of on-wafer planar antennas was also pre-
sented. This characterisation method allows for on wafer radiation pattern
characterisation without the need for mechanical displacement of the an-
tenna and can be performed despite the unavailability of a suitably rated
anechoic chamber. However, the limitations of this method are the number
of angles at which measurements could be taken for a smoother radiation
field plot. Also, the measurements can be carried out in only the E−field
plane.
7.2 Future Work
7.2.1 Improved Oscillator Design
An accurate large signal model for an RTD can be developed with accurate DC
characteristics and a reliable small-signal model which can be incorporated. This
would help improved designs of RTD-based oscillators where the performance can
accurately simulated before fabrication.
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7.2.2 Higher Frequency Coupled RTD Oscillator
Higher power coupled oscillators using RTDs instead of tunnel diodes could be
realised for oscillation at higher frequencies. This could be implemented as an
integrated circuit for applications in the terahertz range.
7.2.3 Integrated Antenna Design
At terahertz frequencies, a way to extract the output power from the oscillator
would require integrated antennas. Therefore, RTD oscillator designs with in-
tegrated antennas need to be developed in the future. This would require an
antenna with high directivity due to the low oscillator output power in the THz
range. One of the immediate applications for such design is high data-rate short
range wireless communications.
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Equations
A.1 Non-linear Least Squares Fitting
This is a mathematical procedure for finding the best fitting curve to a given set
of points (x1, y1...xm, ym) by minimizing the sum of the squares of the offsets of
the points from the curve. Given a non-linear function f(x), with n number of
unknown parameters (β1...βn) the curve fitting problem is expressed in the form
[157] [158]
min
x
||f(x)||22 = min
x
(
f(x1)
2 + f(x2)
2....f(xm)
2
)
(A.1)
with optional boundaries on the component x. The minimiser is found by
F (x) = min
x
1
2
||f(x)||22 = min
x
1
2
m∑
i=1
ri(x)
2 (A.2)
where ri is the residual errors. The minimum value of F (x) occurs when the
gradient is zero, if gradient optimisation is used.
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∂F (x)
∂βj
=
m∑
i=1
ri(x)
∂ri
∂βj
(A.3)
A.2 Antenna Directivity
To define an expression for directivity, first a definition for directive gain in a
given direction which is the ratio of the radiation intensity in that direction
to the radiation intensity of a reference antenna which is an isotropic source is
needed, and it can be written as [132]
Dg =
U
Uiso
=
4piU
Prad
(A.4)
where Dg is the directive gain and it is dimensionless, U is the radiation intensity
and Uiso the radiation intensity of an isotropic source both in W/unit solid angle.
Prad is the total radiated power obtained by integrating the radiation intensity
over a solid angle of 4pi, and can be expressed as
Prad =
∫ 2pi
0
∫ pi
0
Uisosinθdθdφ (A.5)
where for a solid angle sinθdθdφ = dΩ, Equation A.5 can be re-written as
Prad =
∫ 2pi
0
∫ pi
0
UisodΩ = 4piUiso (A.6)
The directivity of a non-isotropic source is equal to the ratio of the maximum
radiation intensity to the radiation intensity of an isotropic source and can be
written as
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Dg =
Umax
Uiso
=
4piUmax
Prad
(A.7)
For a more general directivity expression, let the radiation intensity of an antenna
be in the form of
U = B0F (θ, φ) (A.8)
where F (θ, φ) is the total field pattern and B0 is a constant. the maximum value
of Equation A.8 is given by
Umax = B0Fmax(θ, φ) (A.9)
and the total radiated power is given by
Prad = B0
∫ 2pi
0
∫ pi
0
F (θ, φ)sinθdθdφ (A.10)
The general equation for directive gain and directivity can then be written from
Equations A.4 and A.7 as
Dg(θ, φ) = 4pi
F (θ, φ)∫ 2pi
0
∫ pi
0
F (θ, φ)sinθdθdφ
(A.11)
D = 4pi
F (θ, φ)|max∫ 2pi
0
∫ pi
0
F (θ, φ)sinθdθdφ
(A.12)
D =
4pi[∫ 2pi
0
∫ pi
0
F (θ, φ)sinθdθdφ
]
/F (θ, φ)|max
(A.13)
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A.3 Maxwell’s Equations
Maxwell’s equations are a set of laws which describe how electric fields and mag-
netic fields propagate, interact and how they are influenced. They consist of
Gauss’s law for electricity, Gauss’s law for magnetic field, Faraday’s law and
Ampere’s law [159]-[161].
• Gauss’s law states that the total electric field leaving a volume is equal to
the total charge within the volume. It is expressed in differential form as
∇ ·D = ρv (A.14)
where ∇ is the divergence operator which is the measure of the vector out
of a surface at a given point, D is the electric displacement field and it is
related to the electric field by D = εE. Here, ε is the permittivity of the
material where the field is being measured and E , is the electric field. ρv
is the electric volume charge density in C/m3. It is the ratio of the total
electric charge, ρ to the total volume.
• Gauss’s law for magnetic fields states that the net magnetic flux around
any surface is zero. It is expressed as
∇ ·B = 0 (A.15)
where B is the magnetic flux density in Wb/m2.
• Faraday’s law of induction states that the induced electromotive force in
any closed circuit is equal to the negative of the rate of change in time of the
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magnetic flux enclosing the circuit. This means a time changing magnetic
field results in a circulating electric field. It is expressed as
∇× E = −∂B
∂t
(A.16)
• Ampere-Maxwell’s law states that a flowing electric current through a wire
gives rise to a magnetic field that circles the wire. Also, a time chang-
ing electric flux density gives rise to a magnetic field that circles it. It is
expressed as
∇×H = J + ∂D
∂t
(A.17)
where H is the magnetic field in A/m and J, is the electric current density
in A/m2
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